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PREFACE 


THE writing of this book has been in response to a number of 
requests, and it is intended for research workers in biology and 
medicine. It in no way partakes of the nature of a text on all 
the subjects considered. In seeking training in regular classes 
the reader may have felt the need of courses in algebra, trigonom- 
etry, analytical geometry, calculus, theoretical physics, physical 
chemistry and physiology, and the study of this book is not in- 
tended as a substitute for training in any of these lines. Very 
often the biologist fails to receive early training which he later 
feels the need of. Two alternatives are open to him, either to 
confine his biological studies to phases of the work which do not 
require the training which he has missed, or to turn back and make 
good his deficiencies. It is the latter alternative which we wish 
to encourage. 

The advancement of science is partly dependent on the appli- 
cation of the discoveries in one branch to other branches. In 
order that biology may receive the aid of physics, a number of 
young physicists have been given positions in biological labora- 
tories where they must spend some years becoming familiar with 
biology. That is an excellent practice. It is also desirable that 
the biologist study the mathematical and physical aspects of his 
subject. For the purpose of acquiring an interest in this line of 
work the following books are recommended for his study: 

Griffin, An Introduction to Mathematical Analysis, New York, 
1922. 

Granville, Elements of the Differential and Integral Calculus 
(revised ed.), New York, 1911. 

Gibson, An Elementary Treatise on the Calculus, 2d ed., 
New York, 1906. 


Jeans, Theoretical Mechanics, New York, 1907. 
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Jeans, The Mathematical Theory of Electricity and Mag- 
netism, 4th ed., Cambridge, Eng., 1920. 

Millikan, The Electron, 2d ed., Chicago, 1924. 

Findlay, Osmotic Pressure, 2d ed., New York, 1919. 

Lewis and Randall, Thermodynamics and the Free Energy of 
Chemical Substances, New York, 1923. 

Clark, The Determination of Hydrogen Ions, 2d ed., Balti- 
more, 1922. 

Bancroft, W. D., Applied Colloid Chemistry, New York, 1921. 

Bayliss, Principles of General Physiology, 3d ed., New York, 
1924. 

Lillie, Protoplasmic Action and Nervous Action, Chicago, 1923. 

It would be clearly impossible for us to cover the whole field 
_ in one volume, and in choosing the subject matter we have in- 
cluded some of the results of our own researches together with 
those of others on related subjects, and have included other matter 
which we hope will serve as an introduction. 

We have gained a great deal of information from the books 
listed above as well as from the literature lists at the end of each 
section and have quoted from Physical Chemistry of Vital Phe- 
nomena, by J. F. McClendon, Princeton, 1917. 

We wish to thank the following persons for their kindly criti- 
cism: Dr. Wilder D. Bancroft, Dr. Frank H. MacDougall, Dr. 
R. A. Gortner, Prof. Clayton O. Rost, Dr. Elmer J. Lund, Dr. 
Ella Carter, Dr. Geo. E. Fahr, Dr. D. T. MacDougal, Dr. L. 
A. Sarver, and Dr. Roger F. Brunel. The English was revised 
by Geo. C. McClendon. 
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PHYSICAL CHEMISTRY 


IN 


BIOLOGY AND MEDICINE 


PART I 
PHYSICO-CHEMICAL 


CHAPTER I 
MASS AND VOLUME 


Pernars the most fundamental property of matter is mass, 
m, which is manifested by its inertia when acted upon by a force 
such as gravitation. When we weigh a body we seek to deter- 
mine its mass, but we make use of the force of gravitation. The 
gravitational attraction between two bodies varies directly as the 
product of the masses of the two bodies, and inversely as the 
square of the distance between them. When one of the attracting 
bodies is the earth the gravitational force is called the force of 
gravity, and the force of gravity upon a body is called the weight 
of the body. In any given location upon the earth’s surface weight 
is proportional to mass; but whereas the mass of a body is in- 
variable, its weight changes over the surface of the earth on ac- 
count of the varying distance from the center of the earth. The 
apparent weight changes also from pole to equator on account 
of the change in the centrifugal force due to the earth’s rotation. 
The apparent weight is also affected by the buoyancy of the air 
and a correction must be made for the difference in the weight of 
air displaced by the body and that displaced by the standard 


weights used. In order that weight may be expressed quanti- 
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tatively with the same precision as is used in expressing mass 
we must adopt certain standard conditions under which the 
weight is to be determined. It is considered that the weight of a 
given mass as measured in vacuo, at sea level on the 45th parallel 
of latitude, is numerically equal to its mass. 

Since the mass of a gram weight does not change with the 
attraction of gravity or buoyancy of air, it is proper to compare 
brass weights (for instance) with one another without any pre- 
cautions as to location or buoyancy of air. The more the volume 
of the substance weighed differs from the combined volumes of 
the weights used, the greater the error due to buoyancy of air 
unless corrections are applied. 

The chemical balance for determining weights is essentially a 
beam having an agate knife-edge pivot in the center resting on 
an agate plane, and an agate knife-edge at each end on which 
there rests a plane supporting a pan. If the pivot is not in the 
center of the beam the weighings will vary by a constant factor. 
The simplest way to determine this factor is to use standardized 
weights, and, after placing a large weight on one pan, balance it 
with weights on the other and determine the ratio of weights in 
the two pans. If this factor has not been determined it is neces- 
sary to weigh the unknown on one pan, then on the other, and if 
there is a difference, the true weight is the square root of the 
product of the two weighings. Even though the pivot is in the 
center of the beam unequal heating of its two ends will expand 
them unequally and make the weighings incorrect. The expan- 
sion is reduced to a minimum if the beam is made of a perfect 
specimen of invar or fused quartz. 

If mere relative differences in weight, and not absolute weights, 
are desired, the buoyancy of air may be disregarded, but the 
substance whose change in weight is measured must be at the 
same temperature on the first and last weighing, as otherwise it 
would displace a relatively different amount of air by a change in 
volume. In ordinary chemical work the Centigrade scale of 
temperature is used. 

Air inside of closed containers is weighed, but if it is of the 
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same temperature, pressure, and composition (moisture content) 
as the outside air, its weight does not need to be considered. A 
liter of dry air under standard conditions (at 0°, 760 mm. Hg, at 
sea level, on the 45th parallel) weighs 1.2926 grams. 

Perhaps the object of the metric system was the use of a 
single ultimate standard, the meter, but this object has not been 
achieved. The kilogram was intended to be the mass of a cubic 
decimeter of pure water at its maximum density (about 4°). The 
standard kilogram is not exactly that. The liter is the volume of 
a kilogram of water at its maximum density, but it is not exactly 
a cubic decimeter, hence the use of the term milliliter (ml.) for 
0.001 liter. The difference between a cubic centimeter (cc.) and 
a milliliter is too small to be considered in most chemical work 
since 1 liter equals 1000.027 cc. 

Since the bodies of animals consist of over 60 per cent. water, 
most of the substances in them are in solution. In fact, the study 
of aqueous solutions will form the major part of the subject of 
this book. Water is called the solvent and the dissolved substance 
is called the solute. 

As the temperature rises from 4° the density of water decreases. 
If it is desired to calibrate a liter flask by weighing water in it, 
it is necessary to boil distilled water to remove the air, cool in 
vacuo to room temperature, fill the flask with it, and weigh. If 
weighed with brass weights in air, with barometric pressure at 
760 mm., relative humidity at 50 per cent., and temperature at 
20°, it should weigh 997.18 grams. An error of 5° caused by 
guessing at the temperature would cause an error of 0.1 per 
cent. in a calibration. After calibration slight changes in tem- 
perature may be disregarded, since 4° change in temperature 
changes the volume of the flask only 0.01 per cent. In volumetric 
analysis it is necessary to have the solutions compared at the 
same temperature. 

The unit amount of any chemical substance is the mol, which 
is the molecular weight expressed in grams. Sometimes after 
dissolving one mol of a substance in water, dissociation (elec- 
trolytic or hydrolytic) may occur and two or more substances 
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be formed, but for convenience we call a solution made by dis- 
solving one mol of a substance in water to make one liter, a 
molal solution (M). The volume of this solution will not 
remain constant with change in temperature, and such a standard 
is very awkward where changes of temperature occur; hence the 
mol fraction (or ratio of mols of solute to total mols in the solu- 
tion) is a useful method of expression. The standard temperature 
in vitro, when great care is taken to maintain it, is 25°. Of course, 
processes occurring in the human body take place at a tempera- 
ture (37°) which is nearly constant, that is to say, there is only 
a small diurnal variation except at the surface of the body, where 
greater changes occur. 

How temperature and concentration affect density of aqueous 
solutions is illustrated by sea water. The salinity is expressed 
as the number of grams of total solids per kilogram of sea water, 
and hence is not affected by temperature changes. It is deter- 
mined by titrating the grams of chlorine (contained in the chloride) 
per kilogram of sea water, and multiplying by a factor. Suppose 
20 grams of chlorine per liter were titrated at 30°. The density 
at this temperature is 1.022. There would then be 20 + 1.022 = 
19.57 grams of chlorine per kilogram of sea water. This means a 
salinity of 85. At 4° the density of this sample of sea water would 
be 1.028. 
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THE ATOM 


The atom, formerly considered to be an indivisible unit, has 
recently been subjected to analysis and shown to possess a complex 
structure of smaller units. The details of this structure are largely 
hypothetical. According to Bohr’s theory the atom resembles a 
solar system, but G. N. Lewis pictured the outer portion as a series 
of concentric cubical shells. The following sketch is taken largely 
from Bohr’s theory. 

The atom consists of a relatively small electropositive nucleus 
and one or more hypothetical shells in which are located the orbits 
of revolution of negative electric charges, electrons (Figs. 1 and 2). 
These electrons have a mass 1/1845 that of the hydrogen 
atom, so that most of the mass of an atom is concentrated in 
the positive charge, proton; the actual space occupied by both 
proton and electron is very small compared with the volume 
occupied by the atom as a whole, so that atoms and molecules 
are not solid particles, but are largely empty space. The light- 
est atom has only one shell and the heaviest has seven. The 
maximum number of electron orbits that may be contained 
in the four inner shells are 2, 8, 18 and 32, but the outermost 
shell never contains more than 8. The electrons, 1 to 8, con- 
tained in the outer shell are called valence electrons and deter- 
mine the group in the periodic system to which the element 
belongs. The idea of shells is not contained in Bohr’s theory, 
but was proposed by G. N. Lewis. The orbits of one shell may be 
elliptical and invade the region of another shell. 

The atomic nucleus consists of positive electric charges, pro- 
tons, together with about half as many electrons. In the whole 


22 PHYSICAL CHEMISTRY 


A 


ed 


“8 
cm 


HYDROGEN (1) 


A \ 


HELIUM (2) 


LITHIUM (3) 


NEON (10) SODIUM (") 


Fig. 1—The electron orbits of atoms. The nucleus may be considered 
as a small spot in the center. The numbers refer to the electron orbits and 
shells in which they lie, thus, 2, refers to the first orbit in the second shell. 
The outer orbits are of valence electrons. (From Millikan.) 


atom the number of protons equals the number of electrons. The 
number of electrons in the shells of an atom constitutes its atomic 
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number. Since the unit of structure of the atom is one proton 
plus one electron, the atomic weights are approximate multiples 
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Ss KRYPTON (36) 


COPPER (29) XENON (54) 


Fig. 2.—The electron orbits of atoms. The outer orbits are of valence elec- 
trons. (From Millikan.) 


of the lowest atomic weight, that of hydrogen. An atom of hy- 
drogen consists of one proton forming the nucleus, and one elec- 
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Isotope weights. 
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Number of electrons 
in each shell, 

2; 8; 18; 18; 8; 1 

2; 8; 18; 18; 8; 2 

2; 8; 18; 18; 9:2 

2; 8; 18; 19; 9; 2 

2; 8; 18* 20; 9:2 


2..8* 18: 32: 95-2 
Beis, LSso2 LO sa) 


2; 8; 183.32; 18; 1 
zo 8: 18-322 13° 2 
2; 8; 18; 32; 18; 3 


2; 8; 18; 32; 18; 8 
2; 8; 18; 32; 18; 8; 2 
2; 18; 18; 32; 18; 9; 2 


2; 188; 18; 32; 18; 16;2 


Beginning with lithium, a 


number of elements have been shown not to be pure chemical 
substances, but mixtures of isotopes. Thus lithium is a mixture 
of two isotopes with atomic weights 6 and 7. No isotopes of 
helium have been found, and yet its atomic weight is not exactly 
a multiple of that of hydrogen. Theories as to the cause of this 


26 PHYSICAL CHEMISTRY 


difference are involved in the electromagnetic theory of mass and 
cannot be considered here. It is supposed that there are two units 
of atomic structure—hydrogen atoms and helium atoms. Thus 
carbon of atomic weight 12 is composed of 3 helium atoms of 
atomic weight 4. 
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CHAPTER II 


THE COLLOID PARTICLE 


Tuomas GRAHAM applied the method of dialysis to the puri- 
fication of substances. In fact, he compared it in its usefulness 
to the method of fractional distillation depending on differences 
in vapor pressure. He divided matter roughly into two classes— 
those substances that diffuse so slowly that diffusion is not a 
useful process in their separation, and those that diffuse more or 
less rapidly. It is possible then to separate those that diffuse with 
almost immeasurable slowness from all other substances. It is 
also possible to separate substances which diffuse at different 
rates by repeating the process and thus increasing the purity of 
the different fractions. Graham called the substances that diffuse 
with immeasurable slowness “colloids” because colla, meaning 
glue, was one of these substances. The word ‘‘colloid” as used, 
however, does not apply merely to glue-like substances because 
many colloidal solutions, unlike glue, have a low viscosity. In 
fact, it is very difficult to make a sharp distinction between 
colloids and non-colloidal substances. 

As to the substances involved, it is more useful to take the 
view of Yon Wiemarn, that all substances may be reduced to the 
colloidal state, and hence colloid is considered a state of matter 
and not a division of matter. If any solid substance is added to 
a solvent in excess of its solubility, a portion of it will remain in 
the solid state. This excess can then be reduced by various 
means to any degree of fineness, until the particles are reduced 
to a specified size, when they are called colloidal particles. Usually 
each particle consists of a number of molecules, but where mole- 
cules are very large, one molecule may possibly constitute a col- 
loidal particle. Some substances may be reduced by grinding in 


a colloid mill, a high-speed mill in which solid and liquid matter 
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are fed in near the axis, and the solid is ground in the liquid by 
the action of a number of close-fitting baffles or by the shearing 
action of close-fitting surfaces moving in opposite directions. If 
the solid is ground in the liquid, a mud or plastic mass may result. 
The particles in this mud may be of various sizes. As the particles 
are reduced in size they tend to separate more from one another, 
and usually are found to be electrically charged. Finally they 
may reach such a small size that they will stay suspended in the 
liquid for a very long time, in which case they form a colloidal 
solution or sol. 

If the electric charges are neutralized, as by the action of ions 
of the opposite sign, the particles may form aggregations which 
finally may precipitate by their own weight. Colloidal solutions 
(sols) that act in this way are called lyophobic colloids, since they 
have very little affinity for the liquid, or, as it is sometimes called, 
the “solvent.” There is another class of colloids that will not 
precipitate even when their electric charges are neutralized. 
This may be due to the fact that they have a greater affinity for 
the solvent. Such colloids are called lyophilic colloids. Since in 
the living body water is usually the liquid or solvent, we may 
speak of hydrophobic and hydrophilic colloids. Most of the colloids 
in the living organisms are of the hydrophilic type, but they may 
be changed over by certain agents to hydrophobic types. At 
any rate they may be changed so that they will precipitate on 
neutralization of their electric charges, as in boiling a dilute 
albumin solution. 

The question of what gives the electric charge to the colloidal 
particle has been very much discussed without any agreement 
being reached. In fact, it may be different in different cases. 
The union of a solid or colloidal substance with a molecule or 
ion in true solution has been defined as adsorption. Adsorption 
may in some cases bear a similarity to chemical union. For 
instance, silver ions in true solution may unite with chlorine ions 
to form silver chloride, which may precipitate if the solubility 
product is exceeded. Now if we take a colloidal solution of silver, 
the molecule of silver on the surface of the colloidal particle may 
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unite with the chlorine ion. It then may be said that the col- 
loidal particle has adsorbed the chlorine ion and thus received an 
electric charge. 

Another instance is that of ferric hydroxide sols. When 
ferric hydroxide is in solution, although it is very poorly soluble, 
it dissociates into positively charged ferric ions and negatively 
charged hydroxyl ions. It is therefore possible to assume that 
on the surface of the colloidal particle of ferric hydroxide some 
dissociation takes place, giving off hydroxyl ions and leaving the 
particle positively charged. Or it may be supposed that ferric 
chloride, which may be in the solution at the same time (and 
may be present in the colloidal particle as an impurity), disso- 
ciates, and that the ferric ion is adsorbed while the chloride ion is 
not. Or again, it may even be assumed that the ferric chloride 
is hydrolyzed, giving rise to ferric hydroxide and hydrochloric 
acid, and that the hydrogen ion is adsorbed while the chloride 
ion is not, thus giving the particle the positive charge. Space 
does not allow us to consider these hydrophobic colloids at length. 
We must now pass on to the hydrophilic colloids. 


HYDROPHILIC COLLOIDS 


On the basis of weight the greatest amount of hydrophilic 
colloid in the body is protein. The molecule of protein, with its 
molecular weight of about 30,000 or more, is large enough to show 
colloidal properties when the molecules are separate in solution, 
7. é., a single molecule is as large as some of the colloidal particles 
in a gold sol, for instance. These proteins, at least many of 
them, have been crystallized, but the crystals themselves show 
some colloidal properties, such as colloidal swelling. 

Besides the sol a colloid may form a gel, which is an elastic 
solid consisting of colloidal particles and solvent, or, as it is more 
conveniently termed, dispersion medium. Since the gel has the 
character of a solid and yet consists of two phases, one solid and 
one liquid, it must show a structure. It is not possible to see the 
colloidal particle through the ordinary microscope, as its diam- 
eter is much less than half the wave length of visible light, but 
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some particles (especially of lyophobic colloids) may be brought 
into evidence by means of the ultramicroscope. The principle 
of the ultramicroscope is that the colloidal particle, although 
much smaller than half the wave length of light, is able to change 
the direction of some of this light—7. e., to scatter the light. The 
scattered light, then, may be determined by looking from the side. 
In other words, the ultramicroscope is one in which a powerful 
beam of light passes through the sol or gel at an angle to the line 
of vision. The colloidal particles then look like stars against a 
black sky. They may be colored because of the fact that they 
scatter light of only certain wave lengths, but their size cannot 
be determined except very roughly by the amount or by the wave 
length of light scattered. Some particles scatter light so that the 
beam of light from an individual particle may be apprehended in 
the microscope. These are submicrons. Other particles scatter 
light, and yet within a given magnification the light from the 
individual particle may not be distinguished separately, but a 
diffuse illumination from a number of particles may produce an 
effect such as we get from looking at the Milky Way. It should be 
remembered, however, that larger particles out of focus may pro- 
duce the same effect. 

The particles are in rapid motion due to their bombardment 
by the molecules of the dispersing medium (Brownian movement). 
But when gel formation takes place the particles aggregate in 
one way or another and their motion is greatly decreased or stopped 
altogether. It seems that they sometimes aggregate in long 
chains which unite into a sponge-work, but at other times they 
form masses of small crystals. In fact, there are many ways of 
aggregation. The structure may vary after the first gelation has 
taken place and an amorphous gel may change into a crystalline gel. 

With the hydrophilic colloids the structure is very difficult 
to ascertain with the ultramicroscope. Even in the sol stage the 
colloidal particles may not scatter enough light for the particles 
to be separately apprehended. Perhaps all molecules scatter 
some light; for instance, pure water scatters light, and thus we 
have the blue color of the sea because it is the blue light that is 
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scattered. Many protein sols or even gels seem to be as clear 
as water under the ultramicroscope, and yet, with a change of 
temperature or other conditions, submicrons may appear. When 
only a few submicrons are present they must be regarded with 
suspicion, as they may be impurities. The weight of impurity 
necessary to give a brilliant field in the ultramicroscope is very 
small. In fact, these impurities may come off from the walls of 
the container, since colloidal silica may come off from glass con- 
tainers and colloidal metals from metal containers. Many pro- 
teins contain considerable ash (other than phosphoric or sulphuric 
acid, which are derived from integral parts of the protein). The 
ash is evidence of impurities. The ash may or may not give rise 
to visible submicrons. 

Owing to the fact that the ultramicroscope reveals so little of 
the structure of hydrophilic colloids found in organisms, the struc- 
ture of protein gels is to a large extent hypothetical. One phe- 
nomenon made use of in the study of the structure of protein gels 
is the “weeping” of some gels either under ordinary conditions 
or under high pressure. In this case the gel is separated into the 
clot and the serum. The clot is found to contain a relatively high 
percentage of proteim and a low percentage of water, and the 
serum a relatively low percentage of protein and a high percentage 
of water. For this reason Ostwald supposed that protein sols 
were composed of liquid colloidal particles or droplets containing 
a high percentage of protein and a low percentage of water, sus- 
pended as an emulsion in water containing a relatively low per- 
centage of true dissolved protein. It has been shown by Sérensen, 
however, that some protein sols behave as true solutions to the 
extent that the observed osmotic pressure may be calculated as 
though the molecules of protein are individually separated. 
Perhaps they maintain colloidal properties owing to their enormous 
size. When gel formation occurs aggregation must take place. 
This aggregation may continue until a spongework or other con- 
tinuous structure is built up. Not all the protein molecules, how- 
ever, are aggregated, and it may be these non-aggregated mole- 
cules that are squeezed out of the clot and float in the serum. 
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Protein is made up of amino-acids attached together by union 
between the carboxyl group and the amino group, with the elim- 
ination of water. Amino-acids have both acidic and basic prop- 
erties. The carboxyl group gives the amino-acid an acidic char- 
acter similar to formic acid, and the amino group gives it a basic 
character similar to simple amines; in fact, they are derived 
from amines by the replacement of a terminal hydrogen by the 
radical containing the carboxyl group. This substitution may 
reduce, but does not prevent, manifestation of the basic char- 
acter by the amine. An ammonia molecule may combine with a 
hydrogen ion and receive a positive charge and the amino group 
of an amino-acid may behave similarly. It has not been clearly 
shown to what extent proteins behave as amino-acids. The large 
protein molecule probably offers considerable surface on which 
adsorption may take place. 
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CHAPTER III 


INTERMOLECULAR FORCES 
OSMOTIC MEMBRANES 


EveEN such colloidal membranes as collodion contain pores, as 
shown by Bartell and by Duclaux and Errera. The properties of 
an osmotic membrane depend on the size of the pores and the 
character of the walls of the pores. About the only characteristic 
of the walls of the pores that has been extensively studied is the 
electric charge. An electronegative membrane tends to repel 
anions and an electropositive membrane to repel cations. For 
ordinary osmotic effects it is shown by Bigelow and Bartell that 
the size of the pores in the membrane should be about 0.1 yu or 
less in diameter, where » represents micron or 0.001 mm. 

If the pores are about 0.2 u we have a very leaky membrane. 
If the walls are charged negatively negative (as well as positive) 
ions may pass through the pores, and if the negative ion is more 
rapid than the positive ion the dilute side of the solution becomes 
electronegative. The water filling the pores is charged positively 
by induction from the negative walls and is dragged through the 
pores by the electrostatic charge on the dilute side of the mem- 
brane. This is what is called negative osmose. A perpetual 

_motion machine is not represented by this process, because this is 
a leaky membrane and an equalization of the concentration of the 
solute on the two sides finally occurs. 

If the pores are 0.1 « in diameter and the membrane charged 
negatively the negative charges on the walls of the pores are 
too close together to allow a negative ion to pass between, and 
the negative ion is repelled by the charges. Such a membrane 
shows no negative osmose, but is a leaky membrane showing the 
ordinary osmotic effect. If the pore diameter is still further re- 
duced the membrane intercepts smaller and smaller molecules of 
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solute until, finally, all solute molecules are prevented from pass- 
ing. In some such membranes hydrogen ions may pass and per- 
haps hydroxy] ions. 

Besides the electric charge some other properties of the walls 
of the pores seem to affect the passage of compounds of large 
molecules. For instance, alcohol will pass through rubber mem- 
branes whose pores are so small that they do not allow the passage 
of such small particles as the ions of the salts of the alkali metals. 
It is usually stated that alcohol passes because it dissolves in 
rubber, but this is merely stating the problem in other words. It 
may be the shape of the pores or regional arrangements of electric 
charges on the walls of the pores that allows passage of some 
substances and not of others. Alcohol causes rubber to swell and 
the pores to be enlarged. 


THE RELATION OF GAS PRESSURE TO OSMOTIC PRESSURE 


The simplest state of a chemical substance for the study of 
energy relations is the gas. Considered from a rough quantitative 
standpoint most gases approach a state of the perfect gas, the 
energy of which is a function of the absolute temperature alone 
and which obeys the equation: 


pV =nRT 


where p (pressure) is expressed in atmospheres, V (volume) in 
liters, n is the number of mols, T is the absolute temperature in 
degrees, and R is the gas constant in work per degree. Under 
standard conditions 

land T = 273.1 


If p 
Be eet? 20.412 
and therefore R = 0.08207 


Tf the number of mols is assumed to be 1, the equation becomes 
pV = RT 


The absolute temperature scale is made by considering the 
change in volume of a perfect gas at constant pressure with change 
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in temperature. Since the volume of a perfect gas would be zero 
at absolute zero, any gas would have to liquefy or solidify before 
reaching absolute zero, and therefore would be very different 
from a perfect gas. The absolute zero is —273.1° on the Centi- 
grade scale as measured on the gas thermometer corrected for 
the imperfections of the gas. 

From the equation above it follows that the increase in vol- 
ume of the perfect gas with increase in temperature is proportional 
to the temperature on the absolute scale. 


P 


is) vi Vo, V 4 


Fig. 3.—Pressure — volume curve (isotherm) of an ideal gas in which 
the pressure and volume vary in a reciprocal manner. If the pressure is 
varied from p; to p2 the volume varies from V, to V2. 


Since RT is a constant at any given temperature, the volume 
at that temperature is inversely proportional to the pressure as 
shown in the curve of the accompanying Fig. 3. Suppose we de- 
sire to know the work the gas can do in expanding isothermally 
from V; to V2, the pressure changing consequently from ps to pi. 
In Fig. 3 the work done is equal to the area of the surface, ViV2- 
ppi. It is difficult to estimate this area at once because one side 
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is bounded by a curved line, so we cut it up by vertical lines into 
a series of approximate rectangles of varying length. These lines 
may be imagined as being so close together that the change of 
volume in passing from one rectangle to the next is infinitesimal, 
and the change in pressure therefore negligible. Each change in 
volume is represented by dV, the corresponding fraction of the 
work done by pdV, and the total work (w), or the sum of all the 
small rectangles, by 
WV. 


w -f - pov. 
Vi (1) 


This expression must be gotten into a practical form, the first 
step being to multiply and divide by V, hence 


ie pVov 
w= > 
Vi V 


But since pV is a constant, it may be omitted from the summation 
process (integration) and introduced again afterward, hence 


V OV 
w= vf, 7 


1 


Since for one mol of a gas, the following equation applies: 


pye= LT. 
it follows that 
ny 
w = RT if: A (2) 
Vi 
It can also be shown that 
ioe) 


Vy 


where 6 (loge V) means the change in value of loge V when V 
changes a very small amount, OV, which may be represented by h. 
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Let 
y= logeaV: 
and 
y: = loge V + h) 
then 
yi — y = loge V +h) — loge V 
and 
yi —y _ loge V +4) — loge V 
h h 
Lr = V+h 
Die aie Fe 
1 = 
but 
yi. — y = 4 (loge V) 
and 
; k= 0a 
hence 
d (loge V) _ 1 ( = . 
Moni oS en ee (3) 
In order to facilitate calculation, let 
V 
en ae 
h 
therefore 
tee 
U V 
and 
Sit ih 
es 
By substitution in (8) 
1 ee | 1 
‘4 loge (1 + +) = ¥V. U loge (1 oa +) 
i 1\U 
= plow (1 + G) @) 


Since 


U increases as h decreases; and h becomes vanishingly small as U 
becomes infinitely large. Hence, by the binomial theorem, 
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Hence, from equations (3) and (4) 


O(logeV) 1 
carrmamey: oe” 
But 
logee = 1 
hence 
d(loge V) _ ae 
Veet a 
and 
\ OV 
6 ] e V —— 5 
(loge V) V (5) 


Substituting (5) in (2) we obtain: 


w = RT (loge V2 — loge Vi) 


V. 
w= RF (loge 7) (6) 
Since p and V are inversely proportional, the equation may also 
be written 


w= RT (log. Bi) (7) 
P2 


As is well known, work may be obtained from the steam engine, 
as indicated in Equation 1. In the cylinder of the steam engine 
work on the piston is performed by expansion of the gas, and dV 
expresses the change in volume due to expansion of the gas. If 
the units for p and V are atmospheres and liters, R (as in Equa- 
tion 7) is then in terms of liter-atmospheres per degree. 


If p is dynes per sq. em. and V is cc., R is expressed in ergs per degree. 
Since a joule = 10’ ergs, and a liter-atmosphere = 101.33 joules and 1 gram 
calorie = 4.183 joules, it is possible to transform one unit of work into another 
by changing the value of R (since R expresses work per degree). 

When expressed in liter-atmospheres per degree, R = 0.08207; when 
expressed in joules per degree, 2 = 8.316; when expressed in gram calories 
per degree, 2 = 1.9885. 


44 PHYSICAL CHEMISTRY 


Since all forms of energy may be transformed into heat it is well to know 
the relation of the calorie (the unit of heat) to other energy units. The small 
or gram calorie is the heat required to raise the temperature of 1 gram of 
water 1°. This amount varies slightly with change in temperature and 
the standard temperature is from 15° to 16°. 


It was shown by Van’t Hoff that there is a similarity between 
the osmotic pressure of an ideal solution and the hypothetical 
gas pressure, supposing the solute were in the form of a perfect 
gas occupying the same volume as the solution. Actual gases 
do not obey the gas laws exactly unless corrections are applied 
for the space occupied by the molecules and for molecular attrac- 
tion (Van der Waals). Similar relations hold for solutions, but 
are complicated by the fact that solvation reduces the amount 
of the solvent and increases the space occupied by the solute and, 
furthermore, ionization may occur to a far greater extent in polar 
solvents than in gases. Ionization alters the attraction between 
particles of the solute (Debye). With these qualifications, os- 
motic pressure P may be substituted for gas pressure, p, in Equa- 
tion 7, and we obtain 


w=RT loge iS (8) 

H. N. Morse constructed very strong clay cups and 
connected them with nitrogen manometers, and in this way 
measured the osmotic pressure of sugar solutions placed in the 
cup. Copper ferrocyanide membranes are impermeable to sugar 
molecules and to some salts, such as magnesium sulphate, but they 
are injured by contact with potassium chloride and some other 
salts. It is, therefore, very difficult to determine the osmotic 
pressure of these salts. 

According to Morse each sugar molecule combines with 6 
molecules of water when dissolved in this solvent. With the 
molecules of such enormous size as we meet in living matter the 
space occupied by the molecules is very great, and hence the 
divergence from the simple equation is very great. The osmotic 
pressure of a 30 per cent. gum arabic solution is 4 atmospheres, 
whereas that of a 60 per cent. solution is 48 atmospheres. 
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The relation of vapor pressure to osmotic pressure is illus- 
trated by the following example: 

If a solid body is dissolved in a liquid, the vapor pressure of 
the solution is less than that of the pure solvent. For instance, 
if we have under an evacuated bell jar a beaker of pure water 
and a beaker of water in which cane-sugar has been dissolved, the 
vapor pressure of the pure water is greater than that of the cane- 
sugar solution and water will evaporate from the pure water and 
will condense on the cane-sugar solution. This process will con- 
tinue until all of the pure water is evaporated and passed into the 
cane-sugar solution. On the other hand, if under a tall evacuated 
bell jar we place a beaker of cane-sugar’ solution at the top and 
the pure water at the bottom, as the pure water evaporates and 
condenses in the cane-sugar solution the latter will be diluted, and 
finally a condition of equilibrium will be established whereby the 
difference in vapor pressure of the two liquids will be exactly 
counterbalanced by the difference in pressure of water vapor 
upon their surfaces (due to the weight of the column of vapor) 
and no more change will take place. 

The relation between the lowering of vapor pressure of a 
solvent and the concentration of the solute is expressed by Raoult’s 
law, which states that in an ideal solution, 


ee ee (the mol fraction) 
Pi Mm +n 
when p, and p: denote the vapor pressure of the solvent in the 
pure state and in the solution, and m and n the number of mols 
of solvent and solute respectively. Where the solution is very 
dilute the number of mols of solute is negligible in comparison 
with the number of mols of solvent, and Raoult’s equation may 
be written 
Pi—p_ 7 


Pi m1 
Since from the formula P V = n R T it may be seen that 
IVE 


n= —— 


RT 


46 PHYSICAL CHEMISTRY 


Hence Raoult’s formula may be written 


pee Seep 2 


pr mR T 


and the osmotic pressure, P, of an ideal solution may be cal- 
culated from the relative lowering of the vapor pressure: 


perce y mat 
pi V 

In order to calculate the concentration from the osmotic 
pressure corrections have to be applied for the volume occupied 
by the molecules of the solute and for molecular attraction. ‘The 
result of the calculation without these corrections does not repre- 
sent concentration. For that reason the term “‘activity” is used. 
In employing the term “activity” no assumptions are made as 
to its real significance—it is a function by which predictions may 
be made of the work substances in solution can do. As we shall 
see in the following chapters activity is used in estimation of 
electromotive force as well as of osmotic work, whereas these 
cannot be predicted from their concentration. 

Direct determinations of osmotic pressure are difficult. Freez- 
ing-point determinations are more easily performed than deter- 
minations of vapor pressure, and osmotic pressure may be cal- 
culated from depression of the freezing-point of the solution. 

The relation of the activity of the solute to the lowering (A) 
of the freezing-point of the solvent produced by the presence of 
the solute is expressed in the equation: 


dA 


“dl ya 
@loge a = 7356 


Since the activity, a, may be calculated also from the osmotic 


pressure, the osmotic pressure may be calculated from the freezing- 
point. The equation is 


P = 12.06 A — 0.021 A? 


The following table by Harris and Gortner gives values of osmotic 
pressure for various values of A. 
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TABLE OF OsMOTIC PRESSURES IN ATMOSPHERES FOR DEPRESSION OF THE FREEZING 
Point P = 12.060A — .o21A? 


Hundredths of degrees, centigrade 


4 
¢ ° I 2 3 4 5 6 7 8 9 
0.0 0.362] 0.482] 0.603] 0.724] 0.844 | 0.965 1.085 
O.1 1.568} 1.688) 1.809] 1.930] 2.050 | 2.171 2.291 
0.2 2.772| 2.893] 3-014) 3-134 | 3.255 | 3.375 | 3.496 
0.3 3-978] 4.098| 4.219) 4.339 | 4.459 | 4.580 | 4.700 
0.4 5-182] 5.302] 5-423} 5.543 | 5.664 | 5.784 | 5.904 
0.5 6.386} 6.506) 6.627) 6.747 | 6.867 | 6.988 7.108 
0.6 7.590] 7.710) 7-830] 7.951 | 8.071 | 8.191 8.312 
0.7 8.793] 8-913) 9.033) 9-154 | 9.274] 9-394 | 9.514 
0.8 9.995|10.12 {10.24 | 10.36 | 10.48 | 10.60 10.72 
0.9 11.20 |11.32 }II.44 | 11.56 | 11.68 | 11.80 11.92 
1.0 12.40 |12.52 |12.64 | 12.76 | 12.88 | 13.00 13.12 
Peat 13.60 |13.72 |13.84 | 13.96 | 14.08 | 14.20 14.32 
1.2 14.80 |14.92 |15.04 | 15.16 | 15.28 | 15.40 15.52 
1.3 16.00 |16.12 |16.24 | 16.36 | 16.48 | 16.60 16.72 
1.4 17.20 |17.32 |17.44 | 17.56 | 17.68 | 17.80 17.92 
1.5 18.40 |18.52 |18,64 | 18.76 | 18.88 | 19.00 19.12 
1.6 19.60 |19.72 |19.84 | 19.96 | 20.08 | 20.20 | 20.32 
1.7 20.80 |20.92 |21.04 | 21.16 | 21.28 | 21.40 21.52 
1.8 22.00 |22.12 |22.24 | 22.36 | 22.48 | 22.60 22.72 
1.9 23.20 |23.32 |23.44 | 23.56 | 23.68 | 23.80 | 23.92 
2.0 24.40 |24.52 |24.63 | 24.75 | 24.87 | 24.99 25.11 
2.1 25.59 25.83 | 25.95 | 26.07 | 26.19 | 26.31 
2.2 27.089) 2745. [27-27 127-39 | 27-5" 
2.3 28.23 | 28.34 | 28.46 | 28.58 | 28.70 
2.4 29.42 | 29.54 | 29.66 | 29.78 | 29.90 
2.5 30.62 | 30.74 | 30.86 | 30.98 | 31.09 
2.6 31.81 | 31.93 | 32.05 | 32.17 32.29 
2.7 33.00 | 33.13 | 33-25 | 33.36 | 33.48 
2.8 34.20 | 34.31 | 34-43 | 34-56 | 34.68 
2.9 35-39, | 35-51 | 35-63 | 35:75 | 35-87 
3.0 36.59 | 36.71 |36.83 |36.95 | 37.06 
3.1 37-78 | 37.90 | 38.02 | 38-14 | 38.26 


38.97 | 39.09 | 39.21 | 39-33 | 39-45 
40.17 | 40.28 |40.40 | 40.52 40.64 
41.36 | 41.48 | 41.60 | 41-71 41.83 
42.55 | 42.67 | 42.79 | 42.91 43.02 
43-74 | 43-86 |43.98 | 44-10 | 44.22 
44.93 | 45-05 |45.17 | 45-29 45.41 
46.12 | 46.24 | 46.36 | 46.48 46.60 
47-31 | 47-43 | 47-55 | 47-67 | 47-79 
48.50 | 48.62 |48.74 | 48.86 48.97 
49.69 | 49.81 |49.93 | 50.04 50.16 
50.88 | 50.99 |5I1.11 51.23 51.35 
52.06 | 52.18 |52.30 | 52-42 52.54 
53-25 | 53-37 153-49 |53-6L | 53.73 
54.44 154.56 |54.68 | 54-79 | 54.91 
55.62 | 55.74 |55.86 | 55-98 56.10 
56.81 | 56.93 |57.05 | 57-17 57.29 
58.00 | 58.12 |58.23 58.35 58.47 
59-18 | 59.30 159.42 | 59-54 59.66 
60.37 | 60.49 |60.60 | 60.72 60.84, 
61.55 | 61.67 |61.79 | 61.91 62.03 
62.74 | 62.85 |62.97 | 63.09 63.21 
63.92 | 64.04 |64.16 | 64.27 64.39 
65.10 | 65.22 |65.34 | 65.46 65.58 
66.2q | 66.40 |66.52 | 66.64 66.76 
67.47 | 67.59 | 67.71 67.82 67.94 
68.65 | 68.77 |68.89 | 69.01 69.12 
69.83 | 69.95 |70.07 | 70.19 70.30 
TOL 71e0S 72500 [stor 71.49 


ANANAANAAAAE SEPP HHH HH WOO HOI & 
1 WN AAO D HOO DU DNEH DH HOOD DUANE DH 
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In biological laboratories water is always the solvent, and 
hence the freezing-point thermometer may have the zero set at 
0°. In this case, however, it must be graduated in one hundredths 
of a degree from 0° to —5°. Strictly speaking, the thermometer 
should be immersed in the solution up to the top of the mercury 
column. This is not practical, however, and measurements 
depend on having certain lengths of it at the temperature of the 
solution and another more or less uniform length at the tempera- 
ture of the room, which should be constant. Under these constant 
conditions a zero point is obtained by the freezing of freshly boiled 
distilled water. When the temperature of a solution is lowered 
it may reach several degrees below the freezing-point before 
freezing occurs. Freezing may be initiated by the dropping in of 
a small crystal of ice. It is more convenient to freeze water in 
the hollow of a glass bead and drop in the bead at the right 
moment, because a crystal of ice usually melts on the surface and 
sticks. Usually mercury may not wet glass, but this is due to a 
film of air, which may be absent in the thermometer. When the 
mercury column is contracted it seems to stick, at least in places, 
to the glass, and the adhesion may cause the column to break, in 
which case a true reading cannot be made. If the stem of the 
thermometer is tapped frequently with a cork mallet while the 
mercury is contracting such adhesions may be broken loose. In 
order to obtain correct results the whole solution to be frozen 
must be at the same temperature. To insure this, conduction 
of heat by the solution is not depended upon, but it is stirred by 
means of a loop of wire which is raised and lowered. This stirring, 
however, is not sufficient if the heat is escaping rapidly and irreg- 
ularly, therefore the solution is surrounded by a relatively poor 
conducting layer, such as air or aleohol. The complete apparatus 
consists of a pail of ice containing a large test-tube in which is 
inserted a smaller test-tube containing the solution and the ther- 
mometer. Perforated stoppers are inserted so that the ther- 
mometer does not touch the small test-tube and the small test- 
tube does not touch the large test-tube. The hole in the inner 
stopper admits a wire for stirring and the side neck on the inner 
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test-tube admits the glass bead containing the crystal of ice. In 
order to bring about freezing salt must be added to the ice in the 
pail, and this must be stirred with a large wire loop. When many 
determinations are made it is convenient to use ether in place of 
the ice and obtain the freezing by evaporating the ether with a 
blast of air. If alcohol separates the two test-tubes, the freezing 
of the solution may be observed directly through the apparatus. 
Alcohol conducts heat too rapidly to be used in case the freezing 
mixture is salt and ice unless the temperature of the freezing mix- 
ture is properly adjusted. 

Ordinarily the behavior of the mercury column indicates the 
moment of freezing. After the solution is cooled the mercury 
contracts, but if any supercooling occurs freezing is accompanied 
by an expansion of the mercury, and the temperature of the 
solution rises rapidly until the true freezing-point is reached; 
then it may drop slowly because of further cooling. Under these 
conditions the true freezing-point of the solution is never observed. 
For instance, suppose we had a molecular solution of sugar and 
supercooling occurred to such an extent that when freezing was 
initiated half of the water froze before the solution was warmed 
to the freezing-point; this freezing-point is then that of a 2 M 
solution. This is an exaggerated case, but considerable error 
may arise from such a source. Therefore Harry C. Jones cal- 
culated the correction to be applied to the freezing-point. If a 
cubic centimeter of water is cooled one degree below its freezing- 
point one small calorie of heat is given out, but if 1 cc. of water 
freezes 80 calories of heat are given out. Therefore, if one degree 
of supercooling occurs the first sudden freezing concentrates the 
solution 1/80 and by subtracting 1/80 of the observed A for 
every degree of supercooling the true depression of the freezing- 
point is supposed to be obtained. 

More accurate determinations may be made by means of a 
thermocouple. The junction of the thermocouple is immersed in 
the solution to be frozen, and the two free ends are joined to 
copper wires and the joints immersed in melting ice in a Dewar 
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flask. An accurate, low resistance potentiometer is used in meas- 
uring electromotive force. 

A factor modifying the osmotic properties of substances in 
solution is their unequal distribution on two sides of a semi- 
permeable membrane according to Donnan’s equation for mem- 
brane equilibria. When a membrane separates solutions of two 
electrolytes with a common ion, one electrolyte of which can dif- 
fuse through the membrane while the other contains an ion that 
cannot, there results an unequal distribution of the diffusible ions 
on the two sides of the membrane. 

Suppose two electrolytes, Na AcO (1) and R AcO (2), are sepa- 
rated by a membrane permeable to Na* and AcO™, but not to 
R*. The Na AcO diffuses through the membrane to the opposite 
side (2), where some of the dissociated R* and AcO™ recombine to 
form undissociated R AcO. Although Na* must be present in 
smaller amounts than AcO™ in the solution to which they have 
diffused (2), Na* and AcO~ must necessarily be equal in con- 
centration in the solution from which diffusion took place (1). 

If we express the activity of the molecules and ions by brackets, 
when equilibrium has been established: 


[Na*,] = [Acet7y] (9) 
and 
[Acet™] = [Nat,] + [R*,] (10) 


when dn mols. of NaAcO (Na* and AcO~) have been transferred 
from (1) to (2) the work done equals zero, and 


[Nat] [AcO~] 
d. ieee ] e 1 f De ———u—-—- = 
n og iNa"I + dn RT log [AcO=J (a) 
and hence 
[Nati] x [AcO™] = [Nats] x [AcO™] (11) 


Substituting (9) and (10) in (11) we obtain: 
(Nati)? = [Nat] X ([Na*] + [Rt] 


Therefore the activity of the Na ion is finally unequal on the two 
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sides of the membrane. Donnan has given the following illus- 
tration: When the activity of the non-diffusible ion, R*, is unity 
and the activity of the diffusible ion (Na*) is 0.001, the activity 
of the diffusible ion in (1) is (at equilibrium) 99 per cent. of its 
initial activity. 

SURFACE TENSION 

The surface of a pure liquid or solution is in a state of tension 
called surface tension, which is explained by the unsymmetric 
arrangement of the forces between molecules, there being no 
molecules outside the surface to compensate for the attraction 
of the molecules inside the surface. Fischer observed oil films 
on mercury 5 wy thick, where 1 uy is a millionth of a millimeter. 
Lord Rayleigh (1899) observed that an oil film 1 yy thick on 
water lowered the surface tension. Hatschek estimated the 
thickness of the adsorbed water film on particles of colloidal 
sulphur to be 0.87 wu. The double film of a soap-bubble may be 
as thin as 5 wy. 

The diameters of molecules are, according to Perrin (1910), 
He, 0.2 uy; He, 0.17; Ov, 0.26; No, 0.27; Cle, 0.4, and hence some 
films are not many molecules thick. The tension developed, 
however, is considerable, that on the surface of water being about 
75 dynes per centimeter. This causes small drops of water to 
round up into approximate spheres. The surface tension changes 
with the curvature of the surface and a small drop will distil 
into a large body of the same liquid. Surface energy is equal to 
the area of the surface multiplied by the surface tension. 

J. Willard Gibbs showed that it is a general rule that sub- 
stances that lower the surface tension of a solvent become more 
concentrated in the surface film than in the interior. When 
equilibrium is reached the concentration of the adsorbed substance 
in the surface may be calculated by the formula 

e a7 

Gonads RT 5 
where I' equals the excess of solute in the surface layer above 
that in the solution, c the concentration of the solute, and Y the 
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surface tension. When as is positive (7. e., when the solute 


increases the surface tension of the system) T is negative (7. e., 
there is a movement of solute away from the surface), and when I’ 
is positive the solute accumulates in the surface. 

Some substances slightly raise the surface tension of the sol- 
vent (but never to nearly so great an extent as substances of the 
other class may lower the tension). They also tend to be driven 
out of the surface film. The surface tension of the surface between 
the solvent and a vacuum is not the same as that between the 
solvent and some other liquid or solid phase. Surface tension is 
more easily measured in the surface between air and liquid. 
This is almost the same as that between a vacuum and the liquid. 
An absolute vacuum cannot be obtained owing to the vapor ten- 
sion of the liquid. 

Surface tension is measured by the force required to pull a 
ring or plate from the surface of a liquid or by the pull of a sus- 
pended drop of the liquid (the force equals the weight of the 
drop at the moment it falls), or by the rise of the liquid in a capil- 
lary tube of known bore made of a material that is wetted by the - 
liquid, or by the force required to blow a bubble of air from the 
mouth of a capillary tube into the liquid. The material of the 
walls of the capillary makes no difference provided it is wetted 
by the solvent, in which case it is covered by a layer of adsorbed 
solvent. Much work has been done to determine the angle of 
contact, but this is really in all cases zero because of the presence 
of the adsorbed film (Bancroft). Liquids that do not wet the walls 
of the capillary not only do not rise in the tube, but are depressed 
by it. In this case there is a layer of adsorbed air between the 
liquid and the tube. If this air is driven out, the liquid may wet 
the tube. 

The most common method of measuring surface tension is 
the drop weight method, and the drop may be weighed or its 
weight may be calculated from the volume of the drop and its 
specific gravity. In biological laboratories aqueous solutions are 
those usually investigated, and since the surface tension of pure 
water is known the surface tension of any solution is compared 
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with that of pure water by comparing the weight of a drop of 
pure water with that of the weight of a drop of solution. Since 
substances that lower the surface tension of water collect in the 
surface and since time is required for this process the age of the 
drop when it falls is important. A different result is obtained 
when the drops follow in rapid succession from that obtained when 
they fall more slowly. In fact, this aging goes on for minutes and 
perhaps hours, but the greatest changes occur in the first second, 
and for approximate measurements a drop a minute or so old 
will give nearly the final values. The size of the surface from which 
the drop falls makes a difference in the calculations. The dropping 
surface should not be very different from 5 mm. in diameter. In 
order that the same area of surface is wetted each time the end 
of the tube is ground off at right angles to its length and polished. 
If the drop is to be weighed some arrangements must be made 
to slow up the formation of the drop and to prevent evaporation 
of the drop after it falls. The drop may be measured in a grad- 
uated pipet by reading the heights between the fall of two drops 
or the average height between the fall of the first drop and, say, 
the hundredth drop, and the weight calculated from the specific 
gravity. 
ADSORPTION 

The concentration in the surface of substances that lower the 
surface tension of the solvent is sometimes called adsorption. 
This is often studied on the surface between a solid and a liquid, 
and the substance is said to be adsorbed by the solid, but in the 
same way substances may be adsorbed by air-bubbles in the solu- 
tion or on the surface of oil droplets in water. 

The adsorbed substance may form a continuous layer of mole- 
cules, and if this layer is of a solid substance there will form a 
solid film on the surface. Sometimes a second layer may be built 
on the first, and in this way a membrane may be built up. Lang- 
muir, Harkins, and others have shown that these molecules may 
be polarized in regard to the surface, the polar (carboxyl) group 
of a fatty acid molecule extending into the water and the non- 
polar (hydrocarbon) portion extending into the oil. According to 


54. PHYSICAL CHEMISTRY 


Manley a film of air 20 molecules thick is retained by glass in high 
vacua. 

The nature of adsorption is a matter of discussion. Many 
quantitative experiments on adsorption have been brought as 
evidence that adsorption is not chemical combination. Adsorption 
depends on the concentration of the adsorbed substance, but is 
not a linear function. In fact, it approaches a logarithmic func- 
tion up to adsorption saturation, when the surface will not adsorb 
any more. If the adsorption is plotted against the concentration 
on cartesian co-ordinates the curve approaches a logarithmic 
curve. Low concentrations cause relatively greater adsorption 
than do higher concentrations. Since the temperature must be 
kept constant the curve is called the adsorption isotherm. The 
formula for the curve is 


x2 = ke 


where x is the amount adsorbed per unit of adsorbing surface, ¢ 
is the concentration, and n and k are constants that are different 
for different temperatures and substances. Geddes (1909) found 
n = 1.77 for the adsorption of CO: gas by charcoal at 31° where ¢ 
is in terms of mm. Hg pressure and x = ce. CO: per ce. charcoal 
and k = 0.0602. Reychler (1910) found n = 1 where c is in same 
terms, but x = millimols of CO: per gram of blood charcoal at 
20° and k = 0.00024. In adsorption from aqueous solution 
p= 1-10. 

Adsorption is a factor in the formation of emulsions. Many 
solutes have long been known to aid in emulsification and to 
stabilize emulsions. In regard to two liquids, as oil and water, 
it has been shown that some solutes aid in the formation of an 
emulsion of oil in water, and others aid in the formation of an 
emulsion of water in oil. It was shown by Clowes that whereas 
sodium soaps favor the emulsion of oil in water, calcium soaps 
favor the emulsion of water in oil. In this way the addition of 
calcium may help to invert an emulsion or change a “wet’’ one 
into an “oily” one. It was shown by Harkins that this is due 
to the fact that the adsorbed soap molecules are polarized with 
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respect to the surface. The long carbon chains extend into the 
oil, but the ends attached to the sodium or calcium extend into 
the water. The molecule is wedge-shaped or pyramidal and these 
wedges are put together in the form of an arch or dome. If the 
oil end of the wedge is the larger, an emulsion of water in oil 
occurs, and if the water end is the larger, an emulsion of oil in 
water occurs. Since calcium combines with two fatty acid mole- 
cules the size of the oil end of the molecule is doubled and inverts 
the emulsion. There may be considered two surface tensions, one 
of the oil-soap surface and one of the soap-water surface. An 
inequality of these surface tensions would affect the stability of 
the emulsion. 

It has been suggested by Langmuir that in some cases adsorp- 
tion may be simply a chemical union of a layer of solute molecules 
to the surface layer of molecules of the substance on which it is 
adsorbed (adsorbent). In other cases, however, this seems not 
to be true. Often a surface adsorbs ions of the charge opposite 
to the charge on the surface. In the case of many organic com- 
pounds of large molecules it appears that they are not particularly 
attracted by the adsorbent, but they are driven out of the solu- 
tion and have no other place to go. 
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CHAPTER IV 


ELECTROLYTIC DISSOCIATION AND CHEMICAL EQUI- 
LIBRIA 


ELECTROLYTIC DISSOCIATION 


CERTAIN substances when dissolved in polar solvents disso- 
ciate to a large extent into electrically charged ions, and are 
therefore called electrolytes, to distinguish them from poorly 
dissociated, so-called non-electrolytes such as sugar or urea. In 
gases individual ions may be detected, but in solutions we are 
usually content with the circumstantial evidence of their exist- 
ence. In biology we nearly always have to deal with aqueous 
solutions, and these are implied where others are not stated. 
Electrolytes that dissociate to a great extent in water ionize 
much less, if at all, in non-aqueous solutions. Water is a highly 
polar solvent, a fact which accounts for its high dielectric con- 
stant and ionizing power. The electrostatic attraction between 
a positive and negative ion placed at the distance by which they 
are separated in solution would be very great (when calculated 
by the law of inverse squares, assuming a vacuum between the 
ions). The high dielectric constant of the water separating the 
ions may be the condition which makes their continued separate 
existence possible. Elements which form ions have incomplete 
outer shells of electrons—usually less than 8 valence electrons 
(Figs. 1 and 2). 

In general we may divide electrolytes into two classes—the 
strong and the weak. Strong electrolytes are dissociated to a 
great extent, whereas weak electrolytes are dissociated to a very 
small extent. So-called ‘“non-electrolytes” may be dissociated to 
a minute extent. Water is a very weak electrolyte. Its ions are 


the most rapid, but it is poorly dissociated. Although the con- 
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centration of water is about 55 mols to the liter, only 10-7 mols 
in a liter are dissociated at about 22°. 

The behavior of strong acids and bases and their salts has 
been accounted for by assuming that dissociation increases with 
dilution until they are completely dissociated at infinite dilution. 
According to Debye they are always completely dissociated. 
Although weak acids and bases and their salts are, as a rule, poorly 
dissociated, salts formed of a weak acid and a strong base or a 
weak base and a strong acid are hydrolyzed and dissociated. The 
ordinary inorganic acids and bases are strong, and organic weak, 
but there are exceptions. . 

Solutions of all chlorides contain Cl ions. NaCl dissociates 
into positively charged Na ions (Na‘) and negatively charged 
Cl ions (Cl). Since the atoms of elementary Na and Cl are 
electrically neutral and yet NaCl dissociates into electrically 
charged ions, it is assumed that in NaCl one electron in excess 
of the neutral atomic supply is held by the Cl and the supply for 
Na is deficient in one electron. The ions are always hydrated. 

It should be emphasized that strong electrolytes exist chiefly 
as ions in the dilute solutions with which we have to deal in bio- 
chemistry. Take, for example, the neutralization of HCl with 
KOH. Since HCl, KOH, and KCl are highly dissociated the 
reaction becomes Ht + OH™ = HO. Cl” and K™ are present 
in about the same quantities before and after the reaction takes 
place. That the reaction is simply the formation of water from 
its ions is illustrated by the fact that no matter what strong 
base or acid is substituted for those named above, at 20°, 13,700 
gram calories of heat are produced for each gram equivalent of 
acid and alkali used. 


ELECTRIC CONDUCTIVITY OF AQUEOUS SOLUTIONS 


Solutions of electrolytes conduct the electric current and are 
called conductors of the second class to distinguish them from 
metals, which are conductors of the first class. If an electric 
current is passed through a solution from two metallic conductors 
(electrodes) the positive ions (cations) migrate te the negative 
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electrode (cathode) and the negative ions (anions) migrate to the 
positive electrode (anode). The greater the number of ions there 
are in a solution, the greater the electrical conductivity, hence the 
electrical conductivity (conductance ratio) may be used to show 
qualitatively the ionization. The mobility of the ions influences 
conductivity. Hydration of ions and increased viscosity of solu- 
tion slightly reduce mobility. 

The electrical resistance in ohms is measured and the con- 
ductivity is the reciprocal of the resistance. 


If we attempt to pass an electric current through a solution from metal- 
lic electrodes, a considerable difference in potential (of the order of magnitude 
of 1 volt) is necessary in order to accomplish the oxidation and reduction at 
the electrodes, and this counterelectromotive force at the electrodes impedes 
the current and is called polarization. Furthermore, if much current is passed 
in one direction, the resistance at the electrodes is variable because of re- 
sistance of gas bubbles and it is impossible to determine the electric conduc- 
tivity of the solution. If, however, not enough difference of potential is 
maintained to accomplish the oxidation and reduction, the phase boundary 
between the electrode and the solution will act as an electric condenser and 
the current will flow until the condenser is charged. This condenser action 
(condensance or condensive reactance) opposes the current. By a suitable 
set-up of apparatus this reactance may be eliminated. In this way the elec- 
tric conductivity of the solution may be measured and the concentration of 
ions in it calculated. 

Suppose we take an electric-conductivity-cell with two parallel plates. 
The plates separated by air will act as an air condenser. We may measure 
the capacity of this condenser by means of a suitable set-up, using an al- 

‘ternating current. If we then fill it with an aqueous salt solution its capacity 
enormously increases. It now acts as two condensers coupled in series with 
each other and with a resistance (that of the salt solution). One electrode and 
the solution touching it acts as a condenser with plates very close together 
and connected by a conductor, the solution, with the other condenser. If, 
instead of the solution, we fill the cell with pure air-free water, its capacity 
is less than with salt solution, but about 80 times as great as with air. In 
this case the slight conductivity of the water may be eliminated in calculating 
the result. The undissociated water molecules have an effect in increasing 
the capacity of the condenser, possibly because of the conductivity within 
the molecule itself. That is to say, when placed in an electric field, each water 
molecule may possibly become positive at one end and negative at the other 
—1. e., polarized. These polarized molecules may become so arranged in the 
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electric field as to form numerous condensers arranged in series, stretching 
from one electrode to the other and giving water the high dielectric constant 
it is known to possess. Freezing reduces the dielectric constant. 

The polarity of the water molecules, responsible for its high dielectric 
constant, is probably the cause of the great ionization of electrolytes in 
aqueous solution. Ions may possibly unite with water molecules by means 
of these regional differences in potential. 


Gram and others have determined the current, J, in amperes 
passing through the electrolyte while the electromotive force, E, 
in volts remains constant. In order to reduce polarization, the 
transient current (the current immediately after closing the cir- 
cuit) is measured. “The resistance, Q, is calculated from Ohm’s 
law: 


E 

ey, 

Very accurate measurements cannot be made by this method, 
as the current is changing and never reaches a constant value so 
long as the circuit contains electrolytes as well as metallic con- 
ductors, because of polarization at the electrodes. Newbery 
obviated this difficulty by the use of so-called non-polarizable 
electrodes such as calomel electrodes. The resistance of the cal- 
omel electrodes is slightly variable and is in series with that of the 
solution whose resistance is to be measured. Therefore, New- 
berry did not measure the total resistance, but calculated the 
resistance of the solution in question, using a value for obtained 
by tapping the electrolytic conductor at two points a measured 
distance apart by means of two additional calomel electrodes 
connected with an instrument for determining the difference of 
potential in volts. 

The electrical resistance is usually determined by means of the 
Kohlrausch alternating current method. The solution to be ex- 
amined is placed in a conductivity cell which consists of a glass 
vessel containing two electrodes. The electrodes are made of 
platinum or gold plates and should stand vertically so that bubbles 
will not collect on them. If the distance between the electrodes 
is changed to the slightest degree, the cell has to be standardized 

5 
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again. To avoid this the gold or platinum is often made thick for 
stiffness and protected by the walls of the vessel, or the four 
corners of one electrode are connected to the corners of the other 
by means of glass rods fused to the electrodes by heat. To the 
upper edge of the gold or platinum plate a stout platinum wire is 
welded. This is done by heating platinum plate and wire to white 
heat and welding the wire to the plate by means of a quick tap 
witha hammer. When gold is used a gold bead is fused to the end 
of the wire and then hammered into the form of a plate. The 
platinum should be cleaned by heating it to a white heat and 
dipping it in hydrochloric acid, then reheated. The wire is fused 
into the junction of the conductivity vessel with a small glass tube 
and a drop of mercury dropped into the tube so as to touch the 
platinum wire. When connecting the apparatus a copper wire is 
inserted down the tube into the mercury. The pipet form of con- 
ductivity cell is the most convenient for solutions. 

Before using the cell it must be cleaned with cleaning fluid 
made by grinding sodium bichromate in concentrated sulphuric 
acid. The electrodes may be allowed to remain bright, or they 
may be roughened to increase the surface. To roughen them the 
cell is filled with about 2 per cent. solution of platinic chloride 
containing a trace of basic lead acetate. An electric current of 
about 4 volts is passed through the cell until one electrode is 
blackened, and the current is reversed until the other pole is 
blackened. The platinizing solution is returned to the bottle 
and the cell rinsed and filled with dilute sulphuric acid. A cur- 
rent is now passed first in one direction and then in the other as 
before. In this way hydrogen is produced, first on one electrode 
and then on the other, and any chlorine that may have been ab- 
sorbed by the platinum is reduced. The cell is now rinsed many 
times, finally with conductivity water, is filled with the latter, 
and left until used. Conductivity water is made by adding sul- 
phuric acid and potassium bichromate to distilled water and re- 
distilling it, then adding barium hydroxide to it, and distilling it 
the third time. During the third distillation CO, is excluded by 
incomplete condensation, some steam being allowed to escape 
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out of the collecting vessel. The use of conductivity water is not 
always necessary, and distilled water boiled fifteen minutes may 
be substituted. 

Since one degree rise in temperature results in an increase in 
electric conductivity of about 2.5 per cent., the conductivity cell 
must be placed in a water-bath or oil-bath the temperature of 
which is kept constant, or at least observed very accurately at the 
moment of determination. If the electrodes are 1 cm. apart and 
if each electrode surface as well as the cross-section of the vessel 
between them be 1 sq. cm., the conductivity of the solution in 
reciprocal ohms is the specific conductivity (x). The usual prac- 
tice is not to measure the electrodes, but to calibrate the cell with 
a solution of potassium chloride of known concentration, the 
conductivity of which is taken from tables. The specific con- 
ductivity multiplied by 1000 and divided by the concentration 
in gram equivalents per liter is called the equivalent conductivity 
(A). It is found that the equivalent conductivity of an elec- 
trolyte increases with dilution possibly because the dissociation 
increases. At infinite dilution the dissociation would be com- 
plete and is practically complete at 0.0001 M. The equivalent 
conductivity at infinite dilution is extrapolated and is denoted by 

‘Ao. A/A,j is the conductance ratio. 

If a solution of weak electrolyte is diluted with pure water the 
increase in equivalent conductivity may be calculated by means 
of the formula: 

“tle tae 
PD / e 


This equation does not hold for strong electrolytes. According to 
Debye strong electrolytes are completely dissociated in a solution 
of any concentration. He supposes that the attraction between 
positive and negative ions in concentrated solutions exerts a force 
opposed to the electric current. Hence the decrease of electric 
conductivity in very concentrated solutions of some electrolytes, 
such as sulphuric acid, does not necessarily indicate a lower con- 
centration of ions in such solutions. 
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If a continuous current is passed from electrodes through a 
solution the ions that carry the current through the solution ac- 
cumulate at the electrodes and give up their electric charges with 
the inauguration of certain chemical reactions. This changes the 
composition of the solution. In order to prevent this change an 
alternating current is used in measuring the electrical conductivity 
of a solution. Such a current of 60 cycles per second may be ob- 


Fig. 4—Wheatstone bridge arrangement for electric conductivity with 
alternating current. A standard resistance is used, 2p. The solution to be - 
investigated is placed in a conductivity electrode vessel which is represented 
by Qa, but which has a capacity reactance (capacitance) which is balanaced 
out by series coupling with a variometer, represented by the coils in the wire. 
The ratio of Qc to Mp may be varied by moving the sliding contact repre- 
sented by the arrow point. The bridge is balanced by determining the point 
at which there is silence in the head phones. The circle to the right repre- 
sents an alternate current generator. 


tained from the lighting circuit. Rapidly alternating currents 
of pure sine wave form may be obtained from the Vreeland oscil- 
lator. Electron tube oscillators usually produce one or more 
harmonics. The frequency of the alternations should not change 
during a set of measurements because this changes the impedance 
of the circuit. 

A Wheatstone bridge (Fig. 4) may be built up of a resistance 
box or other form of standard resistance Qg, the conductivity 
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vessel Q,, a meter resistance wire Qop with a sliding contact 
and a telephone which connects the junction of Q, and Q, 
with the junction of Q, and Qp. The meter wire is divided by 
the sliding contact into two resistances, Qc and Qp. The two 
secondary poles of the induction coil or other source of current 
are connected one to the sliding contact and the other to the 
juncture between the cell Q, and the box Q,. The current enter- 
ing the circuit at the juncture of Q, and Q, divides, part going 
through Q, and Qc, and the other part through Q, and Qp. 
If the two ends of the meter wire have the same electric potential 
as indicated by silence in the telephone, then: 


Qa _ &o a Qa QR 
QR 2D Qe QD 


Even though the resistances are balanced, if there is any 
speeding up or retarding of the alternations in one unit of the 
bridge, the potential at the two ends of the meter wire will not 
be the same at the same time. This time element is associated 
with the reactance, X, of the circuit, and where the reactance 
enters the sum total of obstacles to the current is called the im- 
pedance, which is the square root of the sum of the squares 
of the Seton and the reactance. Since the reactance, 


A =2af L — 


Se a aq we obtain the equation: 


z= (+ (22-57) 


where Z is the impedance; Q, the resistance in ohms; f, the cycles 
per second; L, the inductance in henrys, and C, the capacitance in 
farads. Since the two halves of the meter wire Qc and Qp are 
necessarily the same, or nearly the same in reactance, a simple 
method for making the time element the same at the two ends of 
the meter wire is to have the reactance the same in unit Q, as 
it is in unit Qz, in which it is negligible. (The reactance is com- 
posed of the inductance and capacitance according to the above 
formula.) Resistance boxes with negligible inductance and ca- 
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pacitance can be obtained from makers of radio apparatus. The 
trouble lies in the conductivity vessels. In passing a rapidly 
alternating current through a conductivity vessel filled with a 
solution of electrolytes, no current passes between the electrodes 
and the solution. The surface of the electrode acts as a con- 
denser. When the metal electrode is charged positively, the solu- 
tion nearest to it is charged negatively, and vice versa. This 
condenser has a very high capacitance owing to the extremely 
narrow distance between the two “plates,” that is, the surface of 
the metal and the surface of the solution. The greater the sur- 
face of the metal, the greater the capacitance of the condenser, 
and hence roughening the surface increases the capacitance. The 
conductivity vessel contains theoretically two condensers con- 
nected in series and in series with a resistance which is the solu- 


tion. Since the reactance X is equal to 27f L — ee, if the 


frequency remains constant the reactance will equal zero if the 
proper values of the inductance, L, and the capacitance, C, are 
taken. If a variometer (a double coil, the inductance of which 
may be varied) is placed in series with the conductivity vessel 
the inductance may be varied until the reactance is zero in Qy. 
The method of using the variometer is as follows: Slide the 
sliding contact on the meter wire until the feeblest tone is heard 
in the telephone. Then turn the knob of the variometer until 
the tone is still further lowered. Now move the slide wire until a 
new tone-minimum is reached and adjust the variometer again, 
repeating this until silence in the telephone results. It may be 
necessary to ground the sliding contact or some other point in 
the circuit. The electrie-resistance of the variometer does not 
change by turning the knob, and hence, in making the calcula- 
tions, the resistance of the variometer is marked down as a con- 
stant figure in ohms. The resistance of the box is read in ohms. 
The resistances of the two parts of the meter wire may not be 
known, but are proportional to their lengths, and hence their 
lengths are used in the equation. From the equation: 
rd EA 
QB QD 
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the resistance, Q2,, may be calculated. he resistance of the con- 
ductivity cell is the resistance, Q,, minus the resistance of the 


: 4 . Qo 
variometer. The ratio of the two parts of the meter wire =~ 


may be read from the accompanying table: 


UNITS 

0 4 2 3 4 6 6 T 8 9 
0 }00 8064 9082 
1] .0 1833 1937 
2].0 2881 2987 
3} -0 3950 4058 
4] 0 5042 5152 
6|.0 6156 6269 
6|.0 7296 7412 
7] .0 8460 8578 
8] .0 9649 9770 
9|.0 -1086 .1099 
1] 0 1211 .1223 
‘ ~ 1338 1351 
1468 .1481 
143 1601 .1615 
114 1737. .1751 
1/5 1876 .1890 
1/6 +2019 .2034 
anhi7 2165 .2180 
1/8 2315 2331 
ile 2469 2485 
2lo .2625 .2642 
Hil Nc 2788 .2804 
2/)2 .2954 2971 
213 3123 .3140 
214 3298 .3316 
W215 -3477 3495 
2/16 3662 eee 
3850 386 
2 3 4044 .4064 
Sie -4245 .4265 
3]o 4450 .4471 
4661 4683 
: } 4881 .4903 
313 5106 .5129 
sults 5336 .5360 
Hails ,5576 .5600 
5823 5848 
212 6077 6103 
312 6340 . .6367 
3/9 16611 .6638 
6891 .6920 
; 7 7181 17211 
7482 7512 
a0 7792 17824 
ale -8117  .8150 

ee 
4 5 -8450 .8484 
8798 8834 
aS 19157 .9194 
417 "9531 9570 
4 . “9920 .9960 
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1.008 1.012 
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7 
7 
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8 
8 
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8 
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8 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
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In the practical working of the apparatus there are many 
points in the construction which cannot be entered into here. 
The telephone should be a good radio head set. The inductance 
of the resistance box may be reduced by having each resistance 
of two wires wound in parallel in opposite directions on a thin 
sheet of mica, Ayrton-Perry winding, or the resistance may be 
perfectly straight, such as a thin film of platinum on a quartz 
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fiber. It should be noted that the frequency enters into the for- 
mula for the reactance and that high frequencies are preferable 
in some work. An alternating current galvanometer, or a recti- 
fier, such as a crystal detector or vacuum tube detector, and direct 
current galvanometer, may be substituted for the telephone. 

It is not possible to obtain a frequency higher than about 
4000 alternations per second with a Vreeland oscillator. For 
high-frequency currents it is necessary to use an electron tube 
oscillator. An electron tube consists of an evacuated glass bulb 
with a filament like a Mazda lamp, and, in addition, a metallic 
plate, and, between the plate and filament, a metallic grid. When 
the filament is heated by an electric current, electrons are given 
off. If the plate is made electropositive, the electrons are at- 
tracted to the plate and thus the current is carried in one direction. 
Since no electrons are given off by the cold plate, the current 
cannot pass in the opposite direction and the apparatus acts like 
a valve. The grid is for the purpose of controlling the valve 
action. If the grid is charged positively some electrons are caught 
by it, but others pass through the holes in the grid and reach the 
plate and a current passes. When the grid is charged negatively, 
the electrons are driven back to the filament and no current passes. 
In order to produce an alternating current of, say, a million cycles, 
it is necessary to alternate the charge on the grid a million times 
~a second, which will produce a pulsating plate current of a million 
cycles. By passing this current through a coil connected induc- 
tively with an independent circuit, an alternating current of a 
million cycles is produced in the independent circuit in the same 
way that an alternating current is produced in the secondary cir- 
cuit of an induction coil. The apparatus is so arranged that it 
works automatically. Just as a tuning-fork, after receiving a 
blow, vibrates automatically at a certain frequency, the electron 
tube oscillator, after receiving a “blow” due to the closing of the 
switch, oscillates automatically at the frequency of its resonance. 
Electric resonance depends on the reduction of the reactance of a 
circuit to zero. 
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1 
Qaf L — anf =0 
where L is the inductance, C is the capacitance, and f the fre- 
quency. In any circuit a frequency may be found at which the 
reactance is zero. This is the frequency at resonance and is the 
frequency at which the electron tube oscillator oscillates. 

The filament is lighted by a small battery and the plate is 
charged positively by another battery. Some provision has to 
be made to vary the charge on the grid. This is accomplished 
by coupling the plate circuit to the grid circuit electrostatically 
(by a condenser), or electromagnetically (by an inductance), or 
by direct connection through a resistance. In the Hartley circuit 
the grid circuit contains several turns of wire that are connected 
inductively with several turns of wire in the plate circuit. These 
same turns are used by the secondary or independent circuit 
that oscillates, the frequency of which at resonance determines 
the frequency of the oscillator. The coupling of plate and grid 
circuits is called feed-back. 

If an electric current is passed through a solution anions give 
up their charge to the anode and cations to the cathode. It is 
necessary to pass 96,500 (or 96,496) coulombs of electricity (one 
faraday) in order to deposit 1 gram equivalent of ions on an 
electrode. If the ions remain on the electrodes, as in electro- 
plating, a gram equivalent of the electrolyte is removed from the 
solution by the passage of 96,500 coulombs, since a gram equiva- 
lent of anions is deposited on the anode and a gram equivalent 
of cations on the cathode. In any cross-section of the solution 
X gram equivalents of anions are moved in one direction and 1-x 
gram equivalents of cations are moved in the opposite direction. 
Let us suppose that the cations move twice as fast as the anions. 
If we imagine a plane half-way between the electrodes, twice as 
many cations will pass in one direction across this plane as anions 
in the opposite direction, or 3 gram equivalent of cations moves 
to the cathode while 3 gram equivalent of anions migrates to the 
anode. Let us further suppose that around the cathode 1 gram 
equivalent of cations is removed by the electrode and 2 is gained 
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by migration; there would then be a deficiency of + gram equiva- 
lent of cations at the cathode. At the same time one-third of 
the anions are lost from this region by migration; or, in other 
words, 3 gram equivalent of electrolyte is lost. At the anode 2 
gram equivalent of electrolyte is lost. From the change in con- 
centration of the electrolyte at the electrodes may be calculated 
what is called the transport or transference number of the ion. 
Since the transference number of each ion is the fraction of the 
total current carried by that ion the ionic speed may be cal- 
culated. 


RELATIVE Ionic SPEEDS 
Temperature. <A. 


Lig 0° —-:293.9 
Lah; 0° 19.3 
Nat: 0° 25.6 
LOY ely 42.0 
Rbt ey 67.6 
Csi: Saige 68.2 
e Met... ee 25.8 
a Carrs. 4 0° 29 4 
ee 0° ie 
NH... = 0° 39.2 
Tae i, mie 89.0 
YG ed * ee 320.0 
5 Ga. : 18° AT .16 
gies ' 61.1 
i pe oe 41.0 
7 = fe} a 
ets mils 46.0 
eer ay bie 43.0 
OH- ee see a h7430 
18° 46. 64 
te 0° 40.7 
Br7 0° Al 27 
SE PRL ON Die ne pee een 0° 42.6 
2 1e) 
NO; 0 41.2 
Iz 0° 43.4 
=; . 25° 
ae Ak 75.4 
err ACA R EMR ehh melhor Aner tiated. hg ec 65.5 
Sart yaORe 70.5 
NO... Pa en oC 
FiO ME eer RE. Uh OMe es site dos eal owe 25° 46.2 
INUIQER 2 Bos SRE ha Bis or SENS 6 Hla ae oketel otra cn ORO 16° 18.0 
rocNy. = . 25° 110 : 
Bit eee nE Ue eines Noes 5 25 93 
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These values of ionic speeds are relative. The actual speed 
of ions is slow, as is shown by electrolyzing a solution containing 
colored anions around the cathode and observing the time neces- 
sary for them to reach the anode. The speed of K* at infinite 
dilution (at 18° and 1 volt per cm.) is 0.000669 cm. per sec. The 
relative speeds of ions may be more conveniently determined 
by comparing the equivalent conductivities of a series of salts 
that are completely dissociated. The equivalent conductivity 
of a salt is proportional to the sum of the ionic speeds of anions 
and cations (w + 2), thus the ratio of the equivalent conductivity 
of NaCl and KCl is the ratio of the ionic speeds of Nate Cie 
andEke 4°01 = (utov:u’' +). The relative ionic speeds of 
Nat and Kt are Anar—Aca: Axa —Acq- The relative 
ionic speeds at various temperatures are given in the following 
table: The temperature coefficient is calculated from the formula, 
Uy, = Up (1 + Bt + B't?), therefore the coefficient for 10° is 
1+ 108 + 1008’. 

The value of 8 is usually 0.025 — 0.03 and of 6’ less than 
0.0001 except for H* and OH”, in which case the values are 
much lower. 

THE LAW OF MASS ACTION 

According to the law of mass action as formulated by Wil- 
helmy, the rate of a chemical reaction depends on the concen- 
tration of the reacting substance, or the concentrations of the 
reacting substances. This law may be used in two ways: First, 
in the study of the rate at which a chemical change takes place, 
if this rate is of. such a magnitude that measurements can be 
made; and second, in the study of the equilibrium between two 
chemical reactions taking place in opposite directions, the equi- 
librium point being determined by the relative velocities of the 
two reactions in the two directions, in what is called a reversible 
reaction. 

1. The rate at which a substance is transformed into another 
chemical form depends on the concentration of the substance. 
Let 1 represent the original or totai concentration, and x represent 
the concentration of the second substance; it follows that 1-x 
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represents the concentration of the first substance at any moment 
during the reaction. The rate of transformation at any moment 
depends on the concentration of the first substance (1-x) at that 
moment, and the number expressing this relation is called the 
reaction constant, K. The rate represented by K (1-x) decreases 
as X Increases, and at any moment is expressed by the derivative 


dx < A seg z A 
— which represents an infinitesimal change in x, or dx, in an 


infinitesimal amount of the time, ¢, or dt. For example, the rate 
at which cane-sugar transforms into invert sugar, x, is determined 
by the concentration (1-x) of the cane-sugar at the moment at 
which the rate is measured, and is expressed by the derivative 
dx 
dt 
tration of invert sugar, x, takes place in an infinitesimal amount, 
dt, of the time, t. The concentration of the cane-sugar at any 
moment is denoted by (1-x), in which 1 stands for the concen- 
tration at the start. The equation representing the rate of the 


which indicates that an infinitesimal change dx in the concen- 


reaction is = = K (1-x). In this case K is the constant of the 


reaction of inversion of cane-sugar. 

2. In certain cases in which the reactions are so rapid that 
the rates have not been studied, the reactions are reversible and 
when equilibrium has been established the rate of transformation 
of the first substance into the second is equal to the rate of trans- 
formation of the second substance into the first. For instance, 
in the dissociation of an acid such as acetic acid, there is also a 
process of association of the ions to form the acid expressed by 
the equation 

[H+] + [OAc-] = [H OAc} 


At equilibrium 
[H+] x [OAc] = K [H OAc] 


In this case K, the reaction constant, is called the dissociation 
constant. 
[H+] x [OAc] _ 
{[H OAc] 
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This same relation was expressed by Ostwald, to show the effect 
of dilution, by the equation 


a2 


V (1 —a) ¥ 


where a represents the degree of dissociation of the H OAc, =a. 


the concentrations of [H*] and [OAc’] (the two being equal), and 
(b= a) a2 


the concentration of the undissociated portion. The equa- 


a above is given under Electric Conductiv Hye in terms of 
conductance ratio. 

Reaction constants may also be calculated from the table of 
free energies. The method is as follows: 

In a chemical reaction part of the energy transferred may be 
made to do work and is called the change in free energy, dF. 
The rest of the energy transferred is transformed into heat and 
is denoted by q. In any chemical reaction if the change in free 
energy, OF, has a large positive value (7. e., energy is absorbed 
during the reaction) the reaction would not occur to any measur- 
able extent, but if it has a large negative value (7. e., energy is 
evolved) the reaction may run almost completely. If the numer- 
ical value of the change in free energy is small, either positive or 
negative, the reaction may usually be made to proceed in either 
direction by a choice of concentrations. 

If we divide dF, the difference in free energy, by —1364.9, 
we find the corresponding logarithm of the equilibrium constant, 
assuming the temperature is always 25°. 

The following example shows the use of the table below, 


I- + NO,- + 2H+ = 31, (s) + NO (g) + HO (); 
— 12361 — 8500 +0 = 0 + 20850 — 56560 
OF = —14849 


in which s denotes solid; g, gaseous, and J, liquid. 
In the following table, taken from Lewis and Randall, the 
free energy of formation of various ‘substances in a standard 
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state at 25° is given. In order to use these data the algebraic 
sum of the free energies of the right-hand and left-hand parts 
of the equation are made and the total free energy of the reaction 
then determined. 


TABLE OF STANDARD FREE ENERGIES OF FORMATION AT 25° 


Equation. 6 F. 
2H, =Ht+e 0 
fa = lit +e — 68248 
Na = Nat +e — 62588 
Na + 3 Ch (g) = NaCl (s) —91792 
K =KtF-+e —67431 
Kt + ClO;- = KCIO; (s) —69250 
Rb = Rbt+ +e —67473 
Cu = Cut + 2e —15912 
Ag = Agt +e 18448 
Ag + 3 Cl: (g) = AgCl (s) — 26187 
Ag + } O2 = Ag,0O (s) — 2395 
2 Hg = Hg.t* + 2e 36854 
Hg + 3 Ch (g) = HgCl (s) 25137 
Hg (1) + 4 O: = HgO (s) —13808 
Tl=Tl +e —7760 
TT] + + Cl (g) = TIC! (s) —44164 
2T1 (s) + 4 O. = TIO (s) —32410 
at + $ O, ats 3 Hp = TIOH (s) —45400 
i Sn = Sn*+ + 2e —6276 
Pb = Pb* + 2e —5630 
Pb + Ch (g) = Pb Ch —74990 
Pb + 4 O2 = PbO (s) —41000 
Ca (s) + H = Cal; (s) —34780 
Zn = Znt* + 2e —34984 
Cd = Cd + 2e —18348 
3 H: (g) = H (g) 37730 
O» (g) 0 
3/2 O, = Os 32400 
H, +340, = H.0 (g) — 54507 
H, +40, = H.O (J) —56560 
H, + 3 Oz = H,O (s) — 56418 
20, + 4H: +e = OH- —37455 
4 Ch (g) = Cl (g) 32400 
Cina) 8 
Cl, (g,a =1) = 2\g,p = a 
Cl, (g) = Ch (1) 1146 
Clg) = Ch (aq) 1650 
Ch(g) = Chin CCl) 1030 
3 H, + 3 Ch(g) = HCl (g) —22692 
3 Br.(l) = Br (g) 18250 
Br.(l) = Br.(g) 755 


Br.(1) 0 
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Equation. 
Br,(l) = Br.(s) 
Br,(1) = Br.(aq) 
Br(l) = rae CBr.) 
3 4 Br.(l) = HBr 
pate os = Fett te 
Ree Helge + 8e 
iN, + 2H, = NHa 
*H, + O, = H,0.(g) 
H.(g) 
H, _ Oz — H,0, (1) 
H, + OQ, = HO, (s) 
H, + O: = Hm (aq) 
+H, +O, +e = 2 
¥H, + 4 Ch(g) = HCl (aq) 
+ CL(g) +e = CE 
2 (H, + Cl, + 0.) = HClO (aq) 
4 (Ch + On) +e = ClO- 

3 (Ch + He eee = Sete (aq) 
3 (H Cl, + 80:) +e = cae 
ee eee Baie HB 

3 Br.(l) + e = Br- 
3/2 Br.(l) + e = Brs~ 
3 (H, + Br.(l) + O.] = HBrO (aq) 
4 Br(l) + 3/2 O. + 3H: = HBrO; (aq) 
4 Br.(l) + 3/2 O. + e = BrOs 
2 Ix(s) = I (g) 
I(s) = L(g) 
I.(s) = L.() 
Ts (s) 
1) 2H 
3 o( + L(s)| = g 
nei rAR ee 
25 (rth.) = S.(g) 
6S (th.) = S, (g) 
85 (rh.) = §,(g) 
S (th.) = Sa (1) 
S (th) = Sd, x 0) 
S (rh.) = S (monocl.) 
S (rhomb.) 
H, + S (rh.) = HS (g) 
H, +S (rh.) = HLS (aq) 
+H, +S (th.) +e = S= 
N;(g) 
2N, + 3/2 H: = NHi(g 
4N, + 3/2 H. = NH,(l) 
+N. + 3/2 H: = NH (aq) 
3 Nz + 5/2 H. + 3 O. = NH,OH (aq) 
+N; + 2H, = NHst +e 
3 1.(s) + H: = HI (aq) 
3 I,(s) te=-D 
3/2 Is) +e = Is- 


5 F. 
314 
977 
389 

—12540 

—20350 

=3120 

—18930 

—24730 
0 

—28930 

—27980 

—31470 

—15610 

—31367 

—31367 

—19018 

—6500 

—250 

—250 

—24595 

—24595 

—25230 

—19680 
2300 
2300 
15470 
4630 
920 
0 
3926 
315 
30240 
18280 
11900 
10000 
94 
93 
18 
0 

—7840 

—6490 
2980 
0 

—3910 

—2620 

—6300 

—62860 

—18930 

—12361 

—12361 

—12315 
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Equation. 
 [H2 + I.(s) + 0.] = HIO (aq) 
3 L(s) + 3/20, +e = 10; 
4 [Hz + Ix(s) + 30.] = HIO, (aq) 
S (rhomb.) + 2e = S~- 
S (th.) + QO. = SO.(g 
S (th.) + O: = SOz (aq) 
S + H, + 3/2 0, = H:SO; 
S$ +4H.+e+ 3/20, = HSO;- 
S + 2e + 3/2 0, = SO;- - 
5S + O2 + Ch = SO.C1(g) 
S (th.) + 2/3 O. = SO,(g) 
Hy +5 +20, = H.SO, 
2e +5 +20, = SO 
3Ne +O, = NO,(g) 
N2 + 2 Oz = N.O;(g) 
3 H, +3 N: + O: = HNO,(aq) 
= Nz =e O, ai Co = 2 
1 (H, + N. +30.) = HNO,(g) 
2 (H, + No + 30.) = HNO,(aq) 
3 Ne + 3 O2 = NO (g) 
1 (N2 + O2 + Cl) = NOCI (g) 
C (graph) = C (diamond) 
C (graph) 
C (graph) + 2 H, = CH,(g) 
6 C (graph) + 3 Hz: = C,H,(1) 
C (graph) + 3 O2 = CO (g) 
C +40, + Ch = COC 
C +S (rh.) + 4 O. = COS (g) 
C (graph) + O, = CO,(g) 
C (graph) + H, + 3/2 Op H.CO3(aq) 
C+4H,+4+ 3/20. +e HCO; 


tN, + 3/2 Oz +e = NO; 
C (graph) + O. + H, = HCOOH (aq) 
(@ + 4 Oz Nz oe 2 H, = CO(NHs»)>(s) 
C+34 


4- 
O, + N2 + 2 H, = CO(NH:2)2(aq) 
C +3 (N2 + H:) = HCN (g) 
Cc +4 (N, + Hi) = HCN () 
C +4(N, + H.) = HCN (aq) 
C+4N: +e = CN— 
C + 4(H2 + Nz + Os) = HCNO (aq) 
C+e+i(N. +0.) = CNO- 
C SF 5 No se $ I,(s) = CNI (s) 


SOLUBILITY PRODUCT 


6 F. 
—23170 
—31580 
—31580 

23450 
— 69660 
—69770 
— 12633 
— 123920 
— 116680 
—71560 
—85890 
— 176500 
—176500 

11920 

22640 
—13070 
—8500 
—18210 
— 26500 

20850 

16010 

390 

0 
— 12800 

27100 
—32510 
—48770 
—39600 
—94260 
— 148810 
— 140000 
—84040 
— 125760 
— 26500 
—87920 
—45100 
—47280 
—48840 

28910 

28870 

27520 

39370 
— 29100 
—23750 

42790 

92000 


Ionization must be considered in studying the solubility of 
electrolytes. If we pass hydrochloric acid gas into a saturated 
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solution of NaCl the salt will partially crystallize out. In a 
saturated solution of NaCl the product of the concentration of 
Na* and Cl” is a constant, and when we introduce more Cl” by 
the addition of HCl, salt crystallizes out until the product re- 
sumes its original value. The product of the ions in the saturated 
solution is called the solubility product, and if this product is 
exceeded the solution is supersaturated. Crystallization may 
not take place, however, unless nuclei to start the crystallization 
are present. In the ocean the solubility product of Ca** and 
CO; is exceeded and the solution is, therefore, supersaturated 
in regard to calcium carbonate. Calcium carbonate, however, 
does not precipitate throughout the ocean because the proper 
nuclei for crystallization are not present. Calcium carbonate 
crystallizes in different forms, the most common of which are 
calcite and aragonite. Aragonite is 10 per cent. more soluble 
than calcite, but ocean water is supersaturated even to aragonite, 
and if it is shaken with either aragonite or calcite crystals at any 
temperature such as actually occurs in the ocean, there is a growth 
of these crystals and a decrease of the Cat* and CO;~~ in so- 
lution. 
HYDROLYSIS 

In case one of the radicals of an electrolyte is weak and the 
other strong, hydrolysis may occur. This has been usually rep- 
resented as follows: KHCO; hydrolyzes and forms KOH and 
H.CO;. Since the former dissociates more than the latter, a 
greater number of OH ions are present in the solution than H 
ions and the reaction is alkaline. This may be pictured differently, 
since, according to Debye, no undissociated KOH molecules 
are ever formed: 

KHCO; — Kt + HCO;- 


H,O -- HCO = OH: + H:CO; 


AMPHOLYTES 


Some substances may dissociate H* or OH™ and are, there- 
fore, called amphoteric electrolytes or ampholytes. Some of 
them may be neutral; in others the acidic’ or basic character 


a 
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may predominate, depending upon the dissociation constants of 
the acid and basic portions of the molecule. 
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CHAPTER V 


HYDROGEN IONS 


THE activity, a, of a metallic ion in solution may be studied 
by the electromotive force produced when this solution is used 
in a galvanic cell in which the metal forms the electrodes. If 
the activity of the ion around one electrode is different from 
that around the other electrode, an electromotive force is pro- 
duced because of the electrolytic solution-tension of the metal. 
This may be explained as follows: 

If a metal plate is placed in a polar solvent, such as water, 
the metal tends to go into solution. As each atom leaves the 
metal electrode it becomes oxidized and is now more positive 
than the metal. In fact, each atom leaves one or more electrons 
in excess in the metal, giving the metal a negative charge and the 
atom receiving a positive charge. On the other hand, when there 
is an excess of charged atoms or ions in solution they plate out 
on the metal, and in doing so are reduced and lose their positive 
charge to the metal which then acquires a more positive charge 
than it previously possessed. At equilibrium the charge on the 
metal is just sufficient to maintain the activity of ions at a con- 
stant level because of the electrostatic attraction for these ions. 
When placed in a normal solution of metallic ions each metal has 
its own characteristic difference of potential when compared with 
a normal hydrogen electrode as shown in the following table 
(which includes also some anions). The sign of the potential 
indicates the charge on the solution in contact with the metal 
at 25° (Lewis and Randall) which is opposite to the method of 
expression used by Abegg, Auerbach, and Luther, who indicate 
the charge on the metal: 


87 


88 PHYSICAL CHEMISTRY 


Electrolytic solution- 


Element. Jon. tension in volts. 
la, Tat 2.9578 
Rb 2 Rb 2.9242 
K, Kt 2.9224 
Na, Nat DAS 
Zn, Thums 0.7581 
Fe, Fer 0.441 
Cd, Came 0.3976 
Any. ‘atin: 0.3363 
Sn, Sn 0.136 
Pb, Pb 0.122 
Fe, Fett 0.045 
Pit, EG: He 0.000 
Cu, Cutt —0.3448 
Hg, Hg.tt —0.7986 
Ag, Agt —0.7995 
Pt Ole a Os —0.3976 
Ptaelin. I,(s) —0.5359 
Pim Br,(1) —1.0659 
Pt,Cl, Chg) ~1.3594 


Hydrogen has certain metallic properties and is, therefore, listed 
in the table as a metal. In the practical study of these metals 
many of them are dissolved in other metals to form dilute amal- 
gams or alloys, in which case the electromotive force calculated 
from the solution-tension of the dissolved metal is related to 
its activity in the amalgam. Very reactive metals, such as so- 
dium and potassium, are dissolved in mercury. Hydrogen is 
alloyed with platinum, palladium, or iridium. Hydrogen is 
considered monatomic in the metal (Bodenstein). The electro- 
motive force of hydrogen is that of the alloy in equilibrium with 
hydrogen gas at the pressure of one atmosphere. 

Since osmotic pressure, P, is inversely proportional to volume, 
V, the equation for work becomes: 


w = RT log. “, (1) 
a2 


in which a; and a2 are the activities of the hydrogen ions in the 
two hydrogen electrodes connected to form an electrolytic cell. 

This work is the work the hydrogen ions in a cell composed 
of 2 hydrogen electrodes can do on a voltmeter. When these 
electrodes are connected so as to form a short-circuited cell the 
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solution with greater concentration of hydrogen ions will deposit 
some of them on the electrode, and positive electricity, after 
flowing through the wire to the other electrode, will be given to 
new hydrogen ions entering the more dilute solution. In this way 
the osmotic pressure of the hydrogen ions is converted into elec- 
tromotive force, H. In order to make this equation (1) express 
electromotive force & is expressed in joules per degree and RT 
must be divided by 96,500 (or 96,494), since the passage of this 
number of coulombs of electricity (1 faraday) is required in order 
to. deposit 1 gram equivalent of ions on an electrode. Logé may 
be converted into the common logarithm (to base 10) by multi- 
plying by 2.3026. The equation then becomes: 


QQ 


8.316 T 2.3026 
= log — 


E = 
96500 ay 


= 0.000198427 T log (2) 
de 


If a, is a gram equivalent solution of hydrogen ions, 


1 

leet as toate 

°8 a2 ae a2 
= —log a 

and 
iE 
=I , => ———— é 
o8 @ * 00001984 T 8) 


from which formula it is possible to calculate the activity (a) 
of hydrogen ions in a hydrogen electrode connected with another 
hydrogen electrode containing a normal solution of hydrogen 
ions (a;). It is more convenient, however, to use a calomel elec- 
trode in place of the normal hydrogen electrode, in which case a 
correction (E,) of 0.3351 volts for the 0.1 N KCl calomel elec- 
trode is applied and the formula becomes 


E- Eo (4) 


log %@ = Sooroaa F 


It is often convenient to leave the result in the value of the log- 
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arithm of the reciprocal of the hydrogen ion activity (— log ay), 
designated by pH. If the temperature is 22° T is 295 and the 
calomel electrode 0.1 NV, 


eee E — 0.3351 


0.058523 (5) 


By means of the hydrogen electrode and formula (4) the hydrogen 
ion activity of pure water ‘due to the dissociation of the water 
molecule into hydrogen and hydroxy] ions is estimated as 0.0000001 
N at about 23°. This value is about the same as that determined 
from electric conductivity data—i. e., the agreement is close 
considering the possibility of error in measurement of electric 
conductivity. The measurement of the hydrogen ion activity 
is more accurate than measurement of conductivity in dilute 
solutions. 

At higher activities of hydrogen ions in a solution of HCl the 
activity, as determined from hydrogen electrode, is not the same 
as the conductance ratio. If conductance ratio and activity are 
taken to be concentration the data obtained by the latter method 
indicate that as the concentration increases the dissociation de- 
creases, whereas from the electromotive force we should have to 
conclude that at higher concentration of HCl the dissociation 
is greater than 100 per cent. For this reason it is assumed that 
neither conductance ratio nor activity are measures of the con- 
centration of the hydrogen ions except at infinite dilution. Debye 
assumes that strong acids are completely dissociated in aqueous 
solutions of any concentration. On the basis of Debye’s theory, 
A. A. Noyes calculates the concentration from the activity by 
means of the following formula: 


loge a = 
8.32 < 10’ (k 7) 


where ¢ is concentration in mols per cubic centimeter, V is val- 
ence, k is the dielectric constant of the solvent, and 7' the absolute 
temperature. 

Except in the gastric juice the concentration of hydrogen 
ions in living organisms is so low that the activity equals the con- 
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centration, and hence we believe that the use of the terms H* 


concentration and pH do not cause any appreciable error or 
misunderstanding. 


OXIDATION-REDUCTION 


When an electron passes from one atom to another the atom losing the 
electron is said to be oxidized and the atom gaining it to be reduced. The 
atom losing the electron, if free, becomes a positive ion and can combine with 
a negative ion. Thus, the hydrogen atom is oxidized by the removal of its 
electron and becomes a hydrogen ion with a valence of one, which is its maxi- 
mum valence. The cuprous ion, Cut, becomes oxidized by the loss of an 
electron, becoming the cupric ion, Cu**, its valence changing from one to 
two by the oxidation. The ferrous ion, Fe**, oxidized by the loss of an elec- 
tron, becomes the ferric ion, Fe***, its valence changing from two to three. 
Oxygen in oxygen gas by its affinity for electrons has an oxidizing action, and 
hydrogen gas, by giving up electrons, has a reducing action. If an electric 
current is passed through water, OH~ and H* carry the current between the 
electrodes and the H™ is reduced to gaseous hydrogen at the negative elec- 
trode and the OH™ is oxidized to gaseous oxygen and water at the positive 
electrode. The electric character of oxidation and reduction may be shown 
in the following manner: Connect the two leads of a galvanometer to plat- 
inum wires and insert the free ends of the platinum wires into the two open- 
ings of a U-tube filled with salt water. To one arm of the U-tube add an 
oxidizing agent and to the other arm a reducing agent. The galvanometer 
will indicate that the oxidizing arm of the U-tube is electro-positive and the 
reducing arm electro-negative. 

The relation between oxidation-reduction and hydrogen ion concen- 
tration is illustrated by the following example: A certain mixture of ferro- 
cyanide and ferricyanide is inactive toward indophenol in neutral or alkaline 
solutions, but at a hydrogen ion concentration greater than 0.0001 N the 
ferrous ion is oxidized by the indophenol. 

In the interior of a solution when one substance is oxidized another is 
reduced. Hydrogen ions are oxidative, but they can only accomplish oxida- 
tion of another substance with simultaneous decrease in hydrogen ion con- 
centration, for example, according to the equation: 


oI + 2(NO,-) + 4H+ > I, + 2(NO) + 2H,0 


If the hydrogen ions remain constant some other substance must be reduced 
when a third is oxidized. If, however, the oxidation-reduction potential is 
given in volts, increase of hydrogen ion concentration of a solution makes 
the electrode inserted into it more electropositive, and electro positiveness 
is interpreted as oxidative power. 
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HYDROGEN ELECTRODES 


The hydrogen electrode must be contained in a special vessel 
which will retain the hydrogen gas. Hydrogen electrodes’ are 
of such very numerous forms that space does not allow us to 
discuss them all. Only a few will be selected. In Type I (Fig. 5), 
a gold plate, attached to a platinum wire fused through the wall 
of the vessel, is plated with iridium by using it as cathode for 
a few seconds in a concentrated solution of iridium chloride. 


Fig. 5.—Hydrogen electrode vessel for ordinary work. Hydrogen is 
admitted through the tube at the bottom and bubbles out of the U-tube 
at the top. The U-tube contains a drop of water which acts as a trap. The 
metal disk should be entirely immersed in the solution when the reading is 
made. The ground joint at the bottom serves as a connection with the cal- 
omel electrode by immersion in a saturated solution of KCl. (From Journal 
of Biological Chemistry.) 


It is then washed in water and preferably kept wet with distilled 
water when not in use. The electrode is entirely immersed in 
the unknown solution, which partially fills the vessel. Passing 
to the bottom of the vessel is a tube admitting hydrogen gas, 
which bubbles out through a hole in the stopper. At the extreme 
bottom is an ungreased cock or ground joint which will conduct 
the electric current through the moisture wetting the moving 
surface of the stop-cock or ground joint when it is immersed in 
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a bath of saturated KCl solution connected to the other elec- 
trode. If no volatile acids are present pure hydrogen is constantly 
bubbled through the solution. In case the solution contains 
volatile acids, such as COs, the bubbling of the hydrogen drives 
off the CO, and changes the hydrogen ion concentration; hence 
the electrode must be filled once with hydrogen and then closed. 

The Clark electrode (Fig. 6) has been used by Clark with 
great success and is figured as the second type. This vessel is 
entirely filled with a solution and then the hydrogen is run in, 


Fig. 6.—Clark hydrogen electrode vessel. The three-way cock below 
the metal disk serves for draining the vessel and connecting to it the calomel 
electrode. It is automatically rocked by means of a motor. 


displacing some of the solution. It is then closed and rocked by 
a mechanical rocker to bring the hydrogen into equilibrium with 
the solution in CO: tension. In the process of rocking all of the 
oxygen finally reaches the iridium surface, where, by the catalytic 
action of the iridium, it combines with hydrogen to form water. 
During the time that this process is taking place the hydrogen 
pressure in the iridium is less than that of an atmosphere, and 
the readings are incorrect. Therefore it has to be rocked for a 
considerable period of time in order that a constant potential 
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be reached. The electromotive force is determined only while 
the electrode is immersed in the solution, as otherwise it will 
drain off to molecular thickness and the concentration of hydrogen 
ions will not be the same as in the main body of the solution. 
Some solutions that contain very high concentrations of bicar- 
bonates are changed by shaking with even a small amount of 
hydrogen as the hydrogen takes away an appreciable amount of 
the CO.. These can be determined in the Clark electrode by 
allowing new portions of the unknown solution to enter the elec- 
trode while a portion of the old is drained out through the bot- 


Fig. 7.—Hydrogen electrode vessel for use with blood-plasma. The 
vessel is filled with hydrogen gas. Then the plasma is admitted through a, 
driving the air out at d, and then forced in to the point m. All cocks are 
closed and it is shaken, and by opening c and tapping hydrogen passes into b. 
Connection with the calomel electrode is made by immersing the ungreased 
cocks b and ¢ in saturated KCl solution. (From Journal of Biological Chem- 
istry.) 


tom. This brings in new quantities of oxygen and the rocking 
has to continue for some time. 

For anything like blood-plasma several changes would be 
necessary and a large quantity of blood-plasma would have to be 
used. For this purpose the third type of electrode (Fig. 7), in 
which only a little solution is needed, is recommended. The 
electrode vessel consists of two chambers connected by a large 
stop-cock of about 4mm. bore. The electrode is completely filled 
with hydrogen and then the small chamber and half of the large 
chamber are filled with the unknown—i. e., blood-plasma or 
other solution containing CO,. The stop-cocks are closed and 
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the vessel is shaken, bringing the hydrogen into equilibrium with 
the solution in the large chamber. During this process the solu- 
tion has somewhat changed, so the middle stop-cock is opened 
and, by tapping the electrode, bubbles of hydrogen are made to 
pass into the small chamber, being washed as they pass by the 
stream of the solution flowing back into the large chamber. In 
this way they reach the CO, tension of the original solution. 


Fig. 8.—Combined calomel and hydrogen electrode vessel that may be 
swallowed for the direct determination of hydrogen ions in the stomach. 
(From American Journal of Physiology.) 


This type of electrode is used for very viscid solutions like blood- 
plasma which will maintain a thick film for a considerable time 
on the electrode surface. Only a small amount of the solution 
is left in the small chamber, the remainder of the space being 
occupied by hydrogen gas. The stop-cock is closed and the elec- 
trode vessel shaken again. The two stop-cocks closing the ends 
of the small chamber are not greased, but are lubricated with a 
saturated solution of KCl, which conducts the current. They are 
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dipped in a KCl bath. After shaking the electrode vessel, enough 
solution clings to the walls for a few minutes during which the 
reading can be taken. The second reading, however, should be 
preceded by renewed shaking. Owing to the small size of the 
chamber very little oxygen will be in it, and only a short time is 
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Fig. 9.—Rotating hydrogen electrode vessel for electrometric titration of 
frothing fluids. (From Journal of Biological Chemistry.) 


required to attain the final equilibrium. In preparing a blood 
sample a tube is prepared with enough oxalate in it to make 0.1 
per cent. oxalate in the blood. This is then dried as a film over 
the whole inner surface. A hypodermic needle connected to the 
tube is inserted into the vein and the blood run in so as not to 
drop through the air. It is best to fill the tube completely and 
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let the bright red surface-blood overflow. The tube is closed 
with rubber or melted paraffin and centrifuged to get rid of the 
corpuscles containing oxyhemoglobin. The plasma is run into 
the electrode without coming in contact with the air. In Fig. 8 
is shown an electrode that may be swallowed, in Fig. 9 is one for 
the titration of blood-plasma, and in Fig. 10 one for solutions at 
any desired CO, pressure. 


GAS MIXER 


1 hae 


Fig. 10.—Gas mixer and hydrogen electrode vessel for the determination 
of hydrogen-ion concentration at any desired CO, tension. (From Journal 
of Biological Chemistry.) 


It should be noted that besides oxygen other substances 
affect the electrode. Arsine (As Hs) and mercury affect it per- 
manently, so that all subsequent readings are worthless. In 
Fig. 11 is represented a generator for electrolytic hydrogen, free 
from arsine. 

In the practical measurement of hydrogen ion concentration 
one method is to set up a cell of two hydrogen electrodes, one of 
them with a known hydrogen ion concentration, and from the 

df 
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electromotive force of the cell calculate the concentration of the 
unknown. Another method is to substitute a calomel electrode 
for the hydrogen electrode. As will be seen from the table of 
electromotive force, mercury in a gram equivalent solution of 
mercurous ions is positive, the solution being negative. If we 
reduce the concentration of the mercurous ions the positiveness 
of the mercury will be reduced and, owing to the low solubility 
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Fig. 11.—Convenient electrolytic hydrogen generator. By means of 
the T-tube at the top a battery of these generators may be set up connected 
in series for use with the direct current lighting circuit. In the upper right- 
hand corner is shown the pattern for cutting out the sheets of nickel for the 
electrodes. 


of calomel, the potential of this electrode coupled with a normal 
hydrogen electrode is very small. The potential is still further 
reduced by adding the chloride solution, the increase in the Cl 
ions decreasing the solubility of the calomel. The potassium 
chloride also forms a convenient electric conductor for connec- 
tion with the hydrogen electrode. When coupled with the normal 
hydrogen electrode a calomel electrode containing 0.1 N KCl 
has a potential of about 0.3351 volts at 25°. This value is not 
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very much changed by temperature. When the KC] concentra- 
tion is increased to a normal solution the value is decreased to 
0.283. If the KCl is saturated by contact with KCl crystals, 
the potential is still further reduced and is very much influenced 
by changes of temperature which cause variations in the con- 
centration of KCl. The electromotive force of this type of cell 
may be computed from the formula 
E — Eo 
PH = O18 T | C 

The values of the electromotive force for a temperature of 25° 
are given in the following table based on Lewis and Randall: 


ELECTROMOTIVE ForcEe IN MILLIvoLts oF HypRoGEN ELECTRODES AGAINST 
0.1 N, N anp SaTuRATED CALOMEL ELECTRODES AT 25°. (N = 1 mol 
KCl in 1000 g. H.O and 0.1 N = 0.1 of this.) 


pH. 0.1 N. N. Sat. 
0 335 282 246 
1 394 341 305 
2 454. 400 364 
3 512 459 423 
4 572 519 482 
5 631 578 541 
6 690 637 600 
if 749 696 659 
8 807 755 718 
9 867 814 777 
10 927 874 837 
11 986 933 896 


Clark’s values for 0.1 N and WN calomel electrodes are nearly 3 
millivolts higher, because of using concentration obtained from 


1 Big 
conductance ratio, whereas here pH = log = where a = activity 


of H*. Since a number of assumptions are involved, the 
reader is referred to the authors quoted. A normal calomel 
electrode contains one mol KCl in 1000 grams of HO, and a 
0.1N contains one-tenth this concentration. To be strictly 
correct the barometric pressure and vapor tension of H,O should 
be considered, which involve less than a millivolt correction at 25°. 

A saturated KCI calomel electrode has several advantages— 
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it has a higher conductivity; it is more quickly prepared since 
the KCl does not have to be weighed, and the concentration of 
KCl does not change by evaporation nor by immersion in the 
saturated KCl bath. The electrode should not, -however, be 
subjected to quick changes in temperature, as it requires many 
hours to come close enough to equilibrium for this type of work. 
When the calomel and hydrogen electrodes are connected to 
form a closed circuit an electromotive force is produced at the 
liquid junction, since the two electrodes contain different elec- 
trolytes with different concentrations of-anions and cations. 
The magnitude of the electromotive force depends on the differ- 
ence in the speeds of the anions and cations. Speeds of diffusion 
differ considerably because of differences in effective mass. The 
average kinetic energy of the average molecule im a solution is 


: eee m v* 
the same regardless of its mass. Kinetic energy = —5-, where m 


represents mass and 2, velocity. Since hydrogen is the ion of 
smallest mass, even when hydrated, it is the swiftest. The al- 
gebraic sum of the ionic speeds of Ht and-Kt represents the value 
of the electromotive force at the liquid junction. Although these 
liquid junctions are very troublesome in calculations, still they 
can be calculated. Planck made a formula for electromotive 
force assuming a knife edge separation of uni-univalent electrolyte 


solutions. 
eh ts + 


log 


yes as 
F * ate Os 


where FE is the electromotive force at the liquid junction, 7, and 
uw, the speeds of cation and anion of one electrolyte, and 2) and 
uz the ionic speeds of the other electrolyte which is in the same 
concentration. If the concentrations are different the formula 
is more complicated. Henderson made another one, assuming 
a region of mixing by convection and diffusion of the two elec- 
trolytes: 
pak m4) — (wu: — Mace! mt 
Fo wmtu—-wt+y» da + 


The observed electromotive force is somewhere between these 


——_ 
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limits designated by these formulas. G. N. Lewis and Sargent 
used an empiric formula that was found to give values closer 
to the observed values. 

Since the magnitude of the electromotive force depends on 
the difference in the speeds of the anions and cations, its value 
will be great only when the electrolyte consists of a large per- 
centage of some substance like HCl in which the hydrogen ions 
travel much more rapidly than the other ions. Therefore it is 
not possible to measure the hydrogen ion concentration of con- 
centrated solutions of HCl without using a formula for this elec- 
tromotive force. When studying solutions near the neutral 
point, however, the formula may be dispensed with if the junc- 
tion is so constituted that the majority of the anions and cations 
travel at the same speed. Since the very few hydrogen and 
hydroxyl ions will influence the electromotive force only in pro- 
portion to their concentrations, it is necessary to increase the 
concentration of other ions as much as possible. As potassium 
chloride is unique in having the speed of the anions and cations 
about equal, a saturated solution of potassium chloride is used 
at the junction. 

The calomel electrode vessel must be painted black to prevent 
light from decomposing the calomel into Hg and mercuric chloride. 
The latter is more soluble than mercurous chloride and introduces 
a new species of Hg ions. 

The measurement of electromotive force is made most simply 
by the use of a quadrant electrometer. Since this electrometer 
does not require an appreciable amount of current it does not 
change the cell by short-circuiting it, as would a voltmeter of the 
ordinary type. The delicacy of this instrument, together with 
the necessity of shielding it from static as however, has 
made it rather unpopular. 

The other method that is practicable is that of the potenti- 
ometer. The potentiometer consists of a wire through which an 
electric current is flowing. Along this wire there is a drop in 
potential, so that by determining the fall of potential it is possible 
to pick out two points of any difference in potential. A uniform 
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drop is secured by having the wire of uniform thickness and 
therefore of uniform resistance. This wire is made 1.0183 meters 
long. Through it a current passes from an ordinary lead storage 
cell. A rheostat is placed in the circuit so that the amount of 
current and difference in the potential of the two ends of the po- 
tentiometer wire may be varied. The two ends of the wire are 
connected through a key with a Weston standard cell of an elec- 
tromotive force of 1.0183 volts. By putting a galvanometer 
in the circuit with the standard cell it may be determined whether 


Fig. 12.—Electric heater, relay, and bimetallic (invar-brass) regulator 
used for obtaining constant temperature. (From Journal of Biological 
Chemistry.) 


a current is flowing or not. When the rheostat is adjusted so 
that the two ends of the potentiometer wire have a difference in 
potential of 1.0183 volts and the poles of the standard cell are 
connected in the same direction as the poles of the potentiom- 
eter wire, no current will flow through the galvanometer. This 
condition is reached after each millimeter on the potentiometer 
wire corresponds to a difference in potential of one millivolt. 
When a determination of the electromotive force of the cell 
consisting of hydrogen and calomel electrodes is to be made, the 
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cell is turned so that the calomel electrode is marked ++ and 
the hydrogen — and set in place of the Weston cell. The con- 
tact from the positive pole is then made to slide along the poten- 
tiometer wire until the galvanometer shows no deflection. The 
millimeters measured from the negative end to the sliding con- 
tact now gives the millivolts of electromotive force of the hydro- 
gen-calomel cell. By use of the formula previously explained (4) 
after subtracting the calomel electrode constant (E,) from the 
total, the hydrogen ion concentration is obtained. 

Owing to the danger of short-circuiting through the water 
of a water-bath, an oil or air-bath is preferred in maintaining 
constant temperature. Figure 12 shows an electric regulator 
and heater for an air-bath or constant temperature room. 


BUFFERS 


Buffers, are weak acids or bases, the latter having relations 
the reciprocal of those of the former. They behave in dissocia- 
tion similarly to indicators—?. e., when dissociation reaches 
about 50 per cent. a slight change in the pH causes a marked 
change in the degree of ionization. This is the region of max- 
imum buffer action. The concentration of the buffer must 
be high and of an indicator, low. To illustrate: If a buffer acid 
is in double normal solution and is 50 per cent. dissociated, the 
hydrogen ions given out by the buffer will be a normal solu- 
tion. These may or may not combine with hydroxyl ions. As- 
suming that they do not, the most sensitive range of the buffer 
is pH = 0 or a normal solution of hydrogen ions. In order to 
increase the dissociation of the buffer to 100 per cent. it is neces- 
sary to add alkali at least sufficient to neutralize all of the buffer 
acid—in other words, to add alkali up to double normal. ‘The 
solution is therefore fairly stable against small additions of alkali. 
Moreover, in the presence of small amounts of alkali the dis- 
sociation of the buffer is increased, whereby hydrogen ions are 
liberated, but these hydrogen ions combine with the hydroxyl 
ions of the alkali. Hence compensation occurs over a short range 
of maximum efficiency of the buffer acid. The point of 50 per 
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cent. dissociation of the buffer acid varies with the dissociation 
constant just as in the case of the indicators treated in the next 
section. 

In case of small additions of acid the dissociation of the buffer 
is reduced, and hence hydrogen ions removed, but there is at the 
same time a gain in hydrogen ions from the acid added, so that 
the two processes tend to compensate. 

Van Slyke has developed a mathematical treatment of buffer 


RECIPROCALS OF THE LOGARITHMS OF DISSOCIATION CONSTANTS OF BUFFERS 


AT 25° 
—log K; Acid. —log Kg Acid. 
— 92 Trichloracetic 10.22 Carbonic (CO;~ ~) 
+1.00 Oxalic 11.00 Chloral hydrate 
1.29 Dichloracetic 11.74 Maltose 
1.96 Phosphoric (H:POs ) 12.06 Levulose 
2.81 Monochloracetie 12.23 Dextrose 
2.96 Salicylic 12.23 Lactose 
3.01 Tartaric 12.43 Arabinose 
3.08 Citric 12.44 Phosphoric (Pos ~~) 
3.40 Malic 12.72 Sucrose 
3.65 Hippuric 13.47 Mannite 
3.68 Formic 14.15 Glycerol 
3.82 Acetoacetic 14.74 Propionitrile 
3.85 Lactic 
4.17 Succinic —log K, Base. 
4.18 Benzoic 2.80 Piperidine 
4,25 Acrylic 2:90 Diethylamine 
4.44 Adipic 3.25 Ethylamine 
4.49 Gallic 3.27 Dimethylamine 
4.7 Betahydroxybutyric 3.39 Methylamine 
4.73 Acetic 4.07 Ethylenediamine 
4.80 Butyric 4.29 Trimethylamine 
4.82 _ Valerianic 4.34 Allylamine 
4.84 Propionic 4.74 Ammonia 
4.84 Caproic 4.77 Brucine 
4.84 Caprylic 5.58 Quinine 
5.80 Uric 6.07 Strychnine 
5.80 Salicyl aldehyde 7.00 Atropine 
6.00 Tannic 7.00 Pilocarpine 
6.05 Phosphoric (HPO. ~) 8.64 Pyridine 
6.19 Cacodylic 9.30 Aniline 
6.52 Carbonic (HCO;-) 9.50 o-Toluidine 
7.24 Hydrogen sulphide 9.58 Methylaniline 
9.24. Borie (H,PO;7) 9.62 Dimethylaniline 
9.33 Hydrocyanic 9.80 Ethylaniline 


9.92 Phenol 13.80 Urea 
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adding varying quantities of KOH to a mixture containing equi- 
molecular quantities of phosphoric, monochloracetic, lactic, 
acetic, and boric acids. 

The accompanying chart (S6rensen—Fig. 13) indicates on the 
ordinate the proportions of stock solutions and on the abcissa 
the pH of the mixture. KH.PO, denotes a solution of 9.078 gm. 


: : : M 
of the recrystallized anhydrous salt per liter. HsPO; is a 75 


solution of phosphoric acid. Salzsaure is 0.1 N hydrochloric 
acid. Natron is 0.1 N sodium hydroxide free from carbonate. 
Borat is a solution of 12.404 gm. of recrystallized boric acid and 
100 ec. N sodium hydroxide solution made up to one liter. Phos- 
phat-phosphat denotes two different phosphates, the first one 
identical with the KH2PO; mentioned above, and the second is 
11.876 gm. of NasHPO.2H,0 (air dried) to the liter. The organic 
acids decompose and are, therefore, not recommended. 

It is sometimes more convenient to use borax than boric acid 
and NaOH. The following table shows the pH and per cent. of 
0.05 M borax solution, the remainder being made up of 0.2 M 
boric acid solution. 


i) a ee OS OIE 656: 26372068 6:9) ei Oo i a 2 Meme es aed La Oe need rT CO mN CO 
Per cent. 

borax:.7. 02:5 562:7 82 3-9475.0 “619 wet 9.9 TGs 1os7 onl © ven) 215 23a 
DEL sieiicadees 8.0) S:-. 8278.3" 8.49 8.5) SBS Sei s:8) (89790 Os oS 

Per cent. 

borax .... 27.3 30.9 35.2 39.7 44.4 49.3 54.7 60.7 67.4. 74.5 81.5 89.2 96.8 


INDICATORS 


Indicators are weak acids or bases. The mathematic relations 
of the latter are the reciprocal of those of the former. By the 
law of mass action the dissociation of an acid is expressed by the 
following formula: 

Mal ey "2 Dae : 
When a second acid is added its hydrogen ions are not distinguish- 
able from the hydrogen ions of the first, so that [H*] is increased 
and [A~] must decrease because K is a constant. In other 


« 


HYDROGEN IONS 107 


words, the addition of hydrogen ions lessens the dissociation of 
an acid. Since a strong acid produces a high concentration of 
hydrogen ions, its dissociation cannot be materially reduced by 
the addition of the relatively few hydrogen ions of a weak one. 
A weak acid, however, produces so few hydrogen ions that the 
addition of a strong acid with a relatively great number of hy- 
drogen ions causes a marked decrease in the dissociation of the 
weak one. Any weak acid or base may be used as an indicator 
provided it produces ions which are easily distinguishable from 
the undissociated molecules. Those in common use are of two 


1 


0 
[H"] : 
Fig. 14.—Curve showing variation of the dissociation, a, of an acid as related 
: to the hydrogen-ion concentration. 


types—one with undissociated molecules that are colorless and 
ions that are highly colored, the other with undissociated mole- 
cules colored, usually a pale yellow, and ions brilliantly colored, 
but of a different region of the spectrum. Other explanations 
of these color changes have been offered and possibly several 
factors are involved, but at any rate the change of color seems © 
to be a function of the hydrogen-ion concentration. 

The dissociation is determined, then, by the color. This is 
most easily done in a Duboscq colorimeter with an indicator such 
as phenolphthalein whose undissociated molecules are colorless. 
The amount of color represents the percentage of dissociation 
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and can be read off directly by using a standard with 100 per 
cent. dissociation made by adding alkali to a portion of the indi- 
cator solution. 

Indicators are acids of different strengths or different dis- 
sociation constants. In pure solutions of acids, the degree of 
dissociation, a, equals the hydrogen ion concentration, and there- 
fore the curve shown in Fig. 14 holds true for all pure acid solu- 
tions except for hydrogen ions due to the dissociation of water. 


L 


°6 1 


Mareen Ty 

P= lege + log Fo 

Fig. 15.—Curve showing the relation of a dissociation, a, of an acid and 
the pH. 


If bases are present, the dissociation of the acid (anion) is rep- 
resented by the formula: 
ee SS 
K+ [H*] 
in which a is the degree of dissociation, K is the dissociation 
constant, and [H*‘] is the concentration of hydrogen ions. 
From this is derived: pH = log + + log Ses By plotting 
the pH, or the logarithm of the reciprocal of the hydrogen ion 
concentration, against a the curve in Fig. 15 is obtained. It 
will be noted that the curve is steepest at 50 per cent. disso- 
ciation, showing that the most sensitive range of the indicator 
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is at this pH. In the case of phenolphthalein, however, the eye 
obeys Weber’s law in distinguishing colors and can detect a 
change from zero to 10 per cent. dissociation more easily than 
one from 90 to 100 per cent. The most sensitive range of this 
indicator in regard to ocular determination is somewhere between 
0 and 50 per cent. dissociation, but only where the curve is fairly 
steep. 

As it is difficult to draw this curve accurately, the scale may 
be changed on the ordinate so as to convert the curve into a 
straight line. The accompanying chart (Fig. 16) shows the 
range between 10 and 90 per cent. dissociation, which includes 
all the most useful and part of the less useful range. Basic indi- 
cators may be plotted on the same chart by using reciprocal 
values, and the more sensitive range will appear on the chart at 
a reciprocal of dissociation between 50 and 90 per cent. 

In order to add a new indicator curve to the chart it is neces- 
sary only to find the pH at which the indicator is 50 per cent. 
dissociated, mark this point on the chart, and draw a line parallel 
to those already plotted. This is true provided the indicator 
is a monobasic acid. In case of a polybasic acid the straight 
line becomes curved. Michaelis claims that phenolphthalein 
behaves as a polybasic acid and has the following pH values for 
percentages of dissociation: 10 per cent., pH 8.95; 20 per cent., 
9.2; 33 per cent., 9.35; 40 per cent., 9.5; 50 per cent., 9.7; 60 per 
cent., 9.9; 70 per cent., 10.1; 80 per cent., 10.3. For use with the 
Duboscq colorimeter it is necessary to obtain indicators whose 
undissociated molecules are colorless. The following is a list 
of these together with the pH at which they are 50 per cent. 


dissociated: 
— log Ka = 


Indicator. pH at 50 per cent. dissociation. 
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Additional indicators are quinoline blue, tetrachlorphthalein, 
dinitrobenzoylene urea, and 4-6 dinitroguaiacol. Some with 
slightly colored molecules are p-dimethylaminophenyl-a—methyl- 
indolidinemethane and 4-nitro-6-aminoguaiacol. In case the 
undissociated molecules are colored, as with the yellow sul- 
phonephthalein dyes, it is possible to modify the Duboseq color- 
imeter for their use. This was first done by Mines. Later Gil- 
lespie and Abbott independently studied the subject and used 
the same method in a large number of determinations. Mines, 
Abbott and Gillespie placed inside of the cup used for the standard 
in the Duboseq colorimeter an additional cup which could be 
moved up and down between the plunger and the regular cup. 
In the upper cup was indicator at 100 per cent. dissociation made 
by adding a drop of alkali to the solution, and in the lower one 
was indicator at 0 per cent. dissociation prepared by adding a 
drop of acid to the indicator solution. On the other side of the 
colorimeter was the unknown, colored with indicator which con- 
tained both undissociated molecules and ions, and was, there- 
fore, mixed in color. By moving the additional cup up and down 
the percentage of ions to undissociated molecules in the standard 
could be changed and a color match obtained. 

Various other devices, such as those based on dilution, have 
also been used. A very simple method for those indicators whose 
undissociated molecules are colored is to make up a series of tubes 
of equal bore containing the indicator in a buffered solution at 
different known pH values and compare them with the unknown 
by matching tubes. Kolthoff gives the following values for the 
Clark and Lubs series of indicators at 15°: 


pH at 50 per cent. 
Indicator. Dissociation constant. dissociation. 

Thymol blue (acid range).......... 2.4 K 10 1762 
Bromophenol blue...............-- BF Bee 8 4.00 
Wigtay ANTE ere cers antes ZA 1 3.70 
Methyl red.. ene oe I 4.05 
Bromocresol blue (Bromocresol green) 8.0 x 10°* 5.10 
Bromocresol purple...............-. 8.5 X 107 6.07 
Bromothymol blue................- 84:50 10% 7.08 
Vhenoliven ts os abe bare eie A 1? 7.85 
“ea a Os erie es ag 8.17 
Neale eee er Ad os taslre «SP 1.4 x 107 6.85 

tt- x 10 8.96 
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When white light passing through a solution of an indicator 
is observed in a spectroscope, there may be a general absorption 
of the red and violet ends as well as one or more absorption bands 


Koval O 20 50 40 50 


Fig. 17.—Dissociation of quinaldine red and pH. (From Journal of Biological 
Chemistry.) 


in the intermediate region. For instance, methyl violet (krystall- 
violet 0) has one band at about 590 (D line) and a dimmer band 
at about 543 (between D and E). On change in pH the bands 
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change in intensity and not in position. Brode determined pH 
by using a solution of an indicator of standard strength and 
measuring the intensity of one of the bands by means of the spec- 
trophotometer. 

The pH of gastric contents may be determined by means of 
the Duboscq colorimeter, using quinaldine red, 


a ak 
ee aes x 
| | | Vacca < ) N(CHs)2 
rare 
pax. 
CH; I 


as an indicator (Fig. 17). The centrifuged gastric contents are 
measured and an equal measure of distilled water taken as a 
standard. The same amount of indicator is added to each. The 
percentage dissociation is determined by the percentage color. 
The pH is read from the following table: 


Percentage dissociation. ...... 2h Sh atts © Coe eel Ho MS 910 
eee teh anes ai A ty 1.6 165 1.7. L724 
Percentage dissociation........ 144 20 24 29 34 39 44 450 
lee ed es crea el ol ee 8S DA 28 2.666 2.7 
Percentage dissociation........ ely Met! Soe 7 Se te ANE RS) 
i ee ee ee et Oe oe Ok Be 8.8) 8a ALT, 


Intermediate values are shown on the accompanying chart. 

The pH of the urine usually comes within a range not covered 
by many indicators except very pale ones or those that slowly 
precipitate in colloidal form. It seems possible that 4-nitro-6- 
amino-guaiacol may be the best indicator for this purpose. This 
appears to be a polybasic acid, which from pH 0 to 4 gives an 
increasing (yet always pale) yellow color, and from pH 4.5 to 8.5 
gives an increasing henna color. The method is as follows: 

In the left-hand cup of a Duboscq colorimeter place 0.5 ce. 
of a 0.1 per cent. indicator and 10 cc. of urine. In the right- 
hand cup place 0.5 cc. indicator and 10 ce. 0.1 N NaOH solu- 
tion. Adjust the left-hand cup to 20 mm., and hold under the 
right-hand cup a glass dish containing urine 20 mm. deep. Deter- 
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mine the percentage dissociation (percentage color) in the left- 
hand cup. In highly acid urines a color match cannot be ob- 
tained in this way. It is then necessary to place over the eye- 
piece a glass dish with some of the indicator in 0.01 N HCl. 
The following table gives the approximate pH at different per- 
centages of dissociation: 


DEL de Aaa eae ee Ol Alas Ore Ree (Galen er dey aieeh ays 
Per cent. dissocia- 

tion ae ee 3:0°°31b eO® 4.55 | 5.5 0ee 6:5) woe mee Oe ec 

Lok Gee irae s Bib) | 2O6 ecoree 25 en OO SOs tG 3 
Per cent. dissocia- 

LION eee . 15:07 17.0) 19:0 223052510) 6290 a0 mee 
pH. . ae 64 6:5" 6:6 i “6824691 7.0 pee) 
Per ante dissoclas 

LONER tee 42.0 46 50 54 58 62 66 70 

YF eo cath V2 AS ALES TG eT tO OO 
Per cent. dissocia- 
LON ete rena Te Fe SD) 83 85 87 89 91 92 


The pH of the blood may be determined either with the hydro- 
gen electrode or with indicators. In the hydrogen electrode it is 
better to use venous blood because it contains less oxygen. The 
blood should be drawn from the arm vein through a needle at- 
tached to a glass tube fitted with rather strong rubber tubing 
at the two ends. Into this glass tube is placed enough 30 per 
cent. potassium oxalate solution to make 0.1 per cent. potassium 
oxalate in the blood, and dry air drawn through until the oxalate 
solution dries in a thin layer on the glass. (In the case of certain 
animals a somewhat higher concentration of oxalate, up to 0.3 
per cent., is necessary.) Blood is drawn into the tube in such 
amount that it overflows at the top. The portion that comes into 
contact with air is removed. The rubber tubes are then bent over 
and tied to the glass tube, which is rotated in the centrifuge 
until the corpuscles are precipitated. The glass tube is then 
placed in a clamp in a vertical position with the upper rubber 
tube attached to the hydrogen electrode and the lower tube at- 
tached to a mercury funnel. By the raising of this mercury 
funnel the plasma is forced inte the electrode, leaving the cor- 
puscles in the tube. 
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In the colorimetric determination of the hydrogen ion con- 
centration of the blood it is necessary to dilute the blood-plasma 
about ten to twenty times, or else to dialyze it through a collodion 
sac in order that the blood-proteins be in not too high a concen- 
tration. Dilution makes very little difference in the hydrogen 
ion concentration. Dialysis also makes little change provided 
exposure to air does not occur. The concentration difference of 
H™ due to the presence of a non-diffusible ion is too small to be 
significant. A good dialyzing apparatus contains very little 
air or none at all. The use of oil is not very efficient because 
CO, is more soluble in oil than in water or in air, but as con- 
vection currents in the oil are much slower than they are in the 
air, the oil acts as a stopper, though not nearly so efficiently as 
glass. Van Slyke uses a paraffin stopper. 

A number of corrections have to be applied in diluting blood- 
plasma and determining the hydrogen ion concentration with 
indicators. In the first place the salt effect depends on the dilu- 
tion. In the second place the color of the indicator depends some- 
what on the temperature. As stated previously, the temperature 
has very little effect on the hydrogen ion concentration of blood 
or blood-plasma; consequently in a colorimetric determination of 
hydrogen ion concentration any change of color caused by varia- 
tions in temperature may be ascribed to a change in the dissocia- 
tion of the indicator, and a correction for this has to be applied. 
The most convenient way is to make all measurements at the 
same temperature, say at 20° or 25°, and then they will be com- 
parable if not absolute. When the method is standardized with 
the hydrogen electrode the color of the indicator should be read 
at the same temperature at which all the color readings are to 
be taken. It is immaterial whether the hydrogen electrode is 
used at 20° or 25° or 37°, as the change in the pH through this 
temperature range is very slight. The usefulness of the Duboseq 
colorimeter is somewhat impaired by the possible loss of CO: 
from the cups, but this can be remedied by using a closed cup for 
the blood-plasma. . 

Cullen has standardized a method using phenol red as indi- 
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cator. He dilutes the plasma twenty times with 0.9 per cent. 
NaCl solution, so that the salt error is about the same as that 
for the original plasma. As the method described above cannot 
be used with a two-color indicator, Cullen employs tubes of 
standard color in phosphate mixtures, and subtracts 0.225 from 
the reading to get the true pH. Lindhard has reduced the size 
of his apparatus. He uses 3 drops of blood, and by dialysis gets 
rid of the corpuscles as well as the protein. 

Salt Error with Indicators.—The presence of salt in a solution 
to which an indicator is added causes an error in estimating the 
H* concentration. The magnitude of this error is rather difficult 
to state because all solutions contain more or less salt, and it is 
easier to estimate the difference between the salt error in two 
solutions than it is to find the absolute salt error. A great many 
determinations have been made with 0.2 N solutions of phos- 
phates. There is considerable difference in salt error between 
0.2 N and any other salt concentration—i. e., Prideaux states the 
error due to 0.5 N NaCl as follows: 


Salt. Indicator. Error in pH. 
Paranitrophenol +.15 
Phosphate Alizarine sulphonic acid +.26 
Rosalie acid +.06 
Borate Phenolphthalein +.12 


According to this table, if salt is added to the solution the pH 
is changed in the + direction; that is to say, salt causes increase 
in dissociation of indicator whether acidic or basic. A great 
many salt errors were determined by Kolthoff. The error caused by 
addition of 0.5 N NaCl is as follows: 


Indicator. Error. 
Thymol blue +.17 
Phenolphthalein +.17 
Brom phenol blue +.35 


To find the correct value the salt error should be subtracted from 
the apparent pH. With basic indicators, such as neutral red, 
the change is in the opposite direction and the correction should 


be added. 
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R. G. Wells has made a more thorough study of the error 
caused by addition of salt to the indicator, choosing cresol red. 
By comparing the errors caused by different amounts of salt and 
extrapolating for zero concentration, we may deduce the following 
for sodium chloride: 


Per cent. NaCl... 0.02 0.05 0.1 0.2 0.5 1 Tha lees 
Hirrore sec... 0.03 0.08 0.11 Close O21 0.26 0.39 0.3 

Per cent. NaCl....... 2 Dey 3 35 4 10 20 
Birroms ee 0.31 (sss TON 0:36" 0:37 0.45 ~~ (0.51 


Phosphate mixtures that are ordinarily used are 0.2 normal, and 
they might be expected to cause an error somewhere around 0.3, 
so that this value would have to be subtracted from all the per- 
centages given above in order to get values such as those of 
Kolthoff and Prideaux. A solution of 3 per cent. NaCl is 0.5 nor- 
mal, and, if we were to subtract 0.3 from the error, it would equal 
0.05, which is far from that found by Kolthoff and Prideaux. The 
explanation of this is that different buffer solutions behave dif- 
ferently. The cation has perhaps all of the salt effect or, rather, 
produces the salt error, whereas the anion has an antagonistic 
effect, but not enough to reverse the error, so that the two to- 
gether produce less effect than one alone. Different anions, 
however, have different effects. Chloride has less antagonistic 
effect than phosphate, so that the salt error of 0.2 N sodium 
phosphate solution is less than that of 0.2 N sodium chloride. 
This, of course, leads to further complications. We should have 
to assume that the salt error of an 0.2 N phosphate solution is 
about 0.2. Then the difference between this solution and an 
0.5 N sodium chloride solution would be 0.15, whereas Kolthoff 
gives it 0.17 for some phthalein indicators and 0.15 for others. 
Now the standard indicator solutions are often made up in 
buffer mixtures, and it is found that temperature has very little 
effect on H ion concentration of a buffer mixture. However, 
when we add the indicator, the temperature change displaces the 
indicator color considerably. For instance, according to Kolthoff, 
a change in temperature from 18° to 70° changes the pH 0.4 
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except in more acid solutions, in which the change is less. This 
leads to the conclusion that the only safe path for the investigator 
is to use the hydrogen electrode to standardize his indicator- 
method under the conditions in which he is going to use it. For 
instance, in employing the method described above with the Du- 
boseq colorimeter one point on the dissociation curve must be 
checked with the hydrogen electrode, using the same amount of 
salt in solution in the He electrode as will be present in all the 
experiments, and then comparing it with the figures obtained by 
means of the Duboscq colorimeter at the temperature to be used 
in all determinations. If at any point in the experiments a change 
in salt: concentration or temperature occurs, a new calibration 
must be made. 
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PART I 
PHYSIOLOGIC 


CHAPTER VI 
RADIANT ENERGY 


THE most notable contribution toward our understanding of 
light was the work of Clerk Maxwell, who showed that light is an 
electromagnetic phenomenon. His work prophesied the produc- 
tion of the long electromagnetic waves which are now used in 
wireless telegraphy. These electromagnetic waves are very well 
understood. For instance, the wave given by the ordinary con- 
denser type of antenna is a propagated electrical disturbance in 
the vertical direction accompanied by a magnetic disturbance in 
the horizontal direction, both at right angles to the line of prop- 
agation. In other words, the wave front is an electrical dis- 
turbance accompanied by a magnetic disturbance at right angles 
to it. Since these disturbances alternate in regard to a fixed 
point, the wave is described as undulatory—that is to say, like 
the graphic representation of a sine wave. If such a wave were 
of a certain wave length it would constitute what we are familiar 
with as plane polarized light. Ordinary light is made up of in- 
numerable pulses, the planes of which are in all directions per- 
pendicular to the direction of propagation. 

The mechanism of the production of light has been somewhat 
elucidated by the discovery that x-rays are light rays of very 
short wave length. z-Rays are known to be made up of a series 
of pulses; in fact, it is found that the bombardment of a single 
molecule may give rise to a single pulse, and when the bombard- 
ment of a substance is very severe there will be innumerable 


pulses and an effect of light of very short wave length. The de- 
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tails of this process may be difficult to harmonize with the quan- 
tum theory. 

It is deduced from the classical mathematics of electromag- 
netic phenomena that when a moving charged body is accelerated, 
some of its energy is propagated into space. The electrons are 
charged bodies moving about the atomic nuclei in circular or 
elliptic orbits. They are, therefore, accelerated toward the 
center, but it is postulated by Bohr that these are non-radiating 
orbits. Bohr assumes that radiation occurs only with a change in 
kinetic energy of an electron, that this change is accompanied 
by a change in the orbit, and that these changes are not continuous, 
but are step-wise, that is to say, of the magnitude of one or more 
quanta. When light falls on an atom, if its frequency is of a cer- 
tain value, an electron absorbs a certain number of quanta of 
energy and moves to another orbit. With the absorption of this 
energy the energy content of the atom is increased. If the wave 
length is not of this value, the light is transmitted past the atom. 
Under certain circumstances the electrons that have been forced 
into orbits of higher energy content drop back into their old 
orbits, with the emission of light of definite wave length. Since 
quanta are radiated without decrease in energy with distance, 
J. J. Thompson postulated that each quantum travels along a 
string in the ether. It is known that when light falls on certain 
substances light of a different wave length may be emitted by the 
substance, but there is room for more data to be collected in this 
field. It seems that most of the data already collected concern 
the illumination of substances with non-visible light usually of 
short wave length, which causes an emission of visible light of’ 
longer wave length. Such emission may cease when the radiation 
ceases or it may persist for a longer time. It seems possible that 
in many cases ‘electrons are thrown out of atoms and may affect 
other atoms. 

It is a general rule that the shorter the wave length down to 
the ultraviolet region, the more easily the light is absorbed. For 
instance, the shortest wave that is transmitted by fluorite 1 mm. 
thick is 125 uy; by crystalline quartz, about 145; fused quartz, 
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180; common glass, about 315: air, 180, and water, 190. Ozone 
in the outer atmosphere absorbs the short waves up to about 291. 
Hence radiations of very short wave length would be absorbed 
even by air and water. The region of greatest absorption is in the 
ultraviolet, and hence ultraviolet rays are the most active chem- 
ically and physiologically. Rays both shorter and longer than 
these are absorbed less readily. For instance, z-rays have a wave 
length of from 0.01 to 0.1 up and the shorter ones are the so- 
called hard rays, which penetrate more deeply. Some gamma rays 
from radium are still harder, that is to say, shorter than z-rays. 

Much interest has been aroused in regard to the action of 
light in causing photosynthesis in plants. It has been stated that 
after an atom absorbs a certain number of quanta of energy from 
light it is chemically more reactive, and that this is the basis of 
photochemistry. A number of experiments have been made to 
show that carbon dioxide dissolved in water can be changed into 
formaldehyde by ultraviolet light of specified wave length. This 
was first reported by Stoklasa and later by Baly. A paper by 
Spoehr failed to confirm this result. It is possible that the exact 
wave length, 220 wu, was not used by Spoehr, and that this wave 
length may be one that was absorbed rapidly by the quartz, or 
that waves shorter than 190 wy, that destroy formaldehyde, were 
present. Baly has shown that quartz becomes opaque to ultra- 
violet light by prolonged action of the light, and that it can be 
made transparent again by heating to a high temperature. Be- 
cause, as is a well-known fact, formaldehyde in the presence 
of alkalies, particularly calcium hydroxide, and in the presence of 
ordinary daylight, polymerizes into sugar, it is thought that the 
whole process of photosynthesis has been outlined. Recently 
Baly brings evidence to show that glucose is formed directly 
from CO; and H.O by action of light. 

Baudisch has been studying photosynthesis of nitrogen com- 
pounds. With the photosynthesis of the carbohydrates and amino- 
acids the basis of the work in the laboratory of the green plant 
cell has been somewhat elucidated. The action of chlorophyll is 
that of a photosensitizer. Although we do not know the details 
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of the action of such sensitizers, it is well known, particularly in 
the art of photography, that a chemical process that is effected 
by very short waves may be consummated by light of longer 
wave lengths if a sensitizer is added. The untreated photographic 
plate is what is known as a slow plate because it is most sensitive 
to ultraviolet rays, and these are absorbed particularly by the 
atmosphere and also by the glass of the lenses, and hence there 
are very few or none that reach the plate, and the visible light 
reaching the plate affects it relatively slowly. If, however, the 
plate is treated with eosin or other sensitizer it becomes more 
sensitive to longer waves and is, therefore, made into a rapid plate. 

If the sensitizer is first exposed to light and then added to the 
reacting substances it is ineffective. They must be together dur- 
ing the illumination. The sensitizer is affected only by the light 
that it absorbs. It then transmits this energy to other atoms or 
molecules either in the form of light waves of very short wave 
length which are immediately absorbed and so escape detection, 
or in some other way, perhaps by shooting electrons. It seems 
possible that energy is radiated when certain substances in solu- 
tion are oxidized. Meyerhof has shown that when one-fourth of 
the lactic acid in muscle is oxidized, part of the energy is used to 
transform the remainder into glucose. 

Most of the processes in chemistry seem to be related more or 
less to oxidation and reduction. Oxidation of an atom consists in 
the loss of an electron. Thus an atom of metallic sodium on’ losing 
an electron becomes oxidized to a sodium ion. When this sodium 
ion combines with a chloride ion (reduced chlorine) to form a 
molecule of sodium chloride, the molecule now has its full share of 
electrons. If sodium chloride is dissolved in water the sodium 
chloride molecule may dissociate into sodium and chlorine ions. 
Therefore we suppose that even in the sodium chloride molecule 
the electron in question belongs to the chlorine and not to the 
sodium. 

It is asserted that in crystals of a salt the atoms are in the ionic 
form, as the observations of Bragg by means of x-ray photography 
indicate. Perhaps even in the single molecule of an electrolyte 
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the atoms are in the ionic form. | When some substances are illu- 
minated by light of given wave length their atoms may discharge 
one or more of these outer electrons. Since the valence of many 
substances, such as iron and copper, depends on the number of 
electrons they have lost, these electrons that are so easily lost are 
‘known as valence electrons. It is perhaps valence electrons that 
carry electric currents through metals. Not only may the surface 
of solid bodies lose electrons and therefore become oxidized under 
the influence of light, but many substances in solution may be 
similarly affected. Since solutions are always approximately 
electroneutral, whenever one atom is oxidized another is reduced, 
and hence when light produces an oxidation it also produces a 
reduction. Therefore the reduction of carbon dioxide in a plant 
is really a reduction only of the carbon and an oxidation of the 
oxygen, which escapes as oxygen gas. 

Besides its action in photosynthesis light has a physiologic 
effect on both animals and plants. It was shown in 1905 by Hertel 
that whereas light of wave length 440 wy required hours to kill 
bacteria, the same energy content of light of 280 uy killed the same 
bacteria in seven seconds. Similar results were obtained with 
Paramececia, and about the same values were obtained. Bacteria 
can then be killed by sunlight, but the action is much slower than 
by the ultraviolet light or by x-rays. 

Our eyes perceive light of 380 to 760 wy except in case of 
color-blindness. Light from 295 to 380 wp is absorbed by the lens 
and transformed into visible light. Light of shorter wave length, 
which is very rare in sunlight but may be emitted by naked arcs 
and sparks and quartz-covered bulbs, is absorbed by the cornea 
and conjunctiva and produces inflammation. It is also absorbed 
by the skin. The short waves of sunlight may penetrate a milli- 
meter of skin, but waves still shorter than this go down only about 

- 1/10 millimeter. The short waves produce sunburn, but only the 
longer ultraviolet waves are supposed to produce tanning, and 
better tanning effect is obtained by sunlight than by some of the 
artificial ultraviolet lights. 
Blood absorbs light over a wide range in the spectrum, but 
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the very short waves cannot penetrate deep enough into the skin 
to effect direct cytolysis of the red cells. When, however, a 
sensitizer, hematoporphyrin, is present in the blood the longer 
waves cause changes that result in very toxic effects. This photo- 
sensitization was discovered by Raab, who found that the toxicity 
of acridin on Parameecia depended on illumination. The presence: 
of oxygen is necessary for these toxic effects. Chlorophyll is the 
chief photosensitizer in the living plant. Eosin has a photosen- 
sitizing effect when injected into the blood. 

Light is effective in the treatment of disease. It has been 
shown that rickets and osteoporosis may be cured by the action 
of ultraviolet light or of sunlight that has not passed through glass. 
Rickets is a disease on which there is some difference of opinion, 
and therefore it is necessary for us to refer to the results of our 
own laboratory. There seems no question from these, as con- 
firmation of work of Sherman and Pappenheimer, that in rickets 
the bone tissues are starving for phosphate. In osteoporosis 
there is a shortage of calcium. With the calcium shortage the 
bone tissue does not grow, and may even be absorbed, hence the 
néed for calcium phosphate is reduced; but in phosphate starva- 
tion the bone tissue grows, and since there is no phosphate to 
mineralize this new bone, it grows at an increased rate, com- 
pensating by its bulk for its decrease in rigidity. This soft bone 
tissue is called osteoid, and is most noticeable in the growing areas 
of the bone of the young animal. ' Lack of Ca may prevent rickets 
by stopping bone growth. If the animal is given cod-liver oil 
both calcium and phosphate are better retained, perhaps the 
path of excretion is blocked, and rickets and osteoporosis are 
relieved. There is a report by Steenbock, Black, and Nelson that 
when some fats that do not act like cod-liver oil are exposed to 
ultraviolet light they acquire a potency in the treatment of rickets 
and osteoporosis. Kugelmass and McQuarrie have reported that 
substances curative of rickets emit ultraviolet rays in the presence 
of oxygen and suggest the following reaction: 


Oxygen + Rickets-curing Substances = Oxy-Substances + 
Ultraviolet Rays 
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According to them this reaction is a reversible one, oxygen being 
liberated when oxidized cod-liver oil is exposed to ultraviolet rays. 
It seems possible that ultraviolet light penetrates only about 
1 millimeter of our skin and causes some chemical change there, 
resulting in the production of a substance that is carried by the 
blood to all parts of the body and influences the calcium phosphate 
metabolism. The action of light in curing rickets and osteo- 
porosis is accompanied by tanning of the skin. This tanning action 
is produced only by the ultraviolet light of rather long wave 
length, which can penetrate relatively deep into the skin, and it 
seems that these waves are of therapeutic value in general. 

Light has been used chiefly in the cure of tuberculosis of the 
skin, known as lupus. Finsen established an institute for the 
study of such a process, and has been very successful in the treat- 
ment of lupus. He asserted also that eczema and acne are some- 
times cured by light, but these two diseases are cured more rapidly 
by very short waves represented in z-rays. a-Rays, however, 
although of very short wave length are sometimes of great pene- 
trating power, and there is danger of affecting deeply placed 
organs and tissues, particularly spleen, lymph-nodules, bone- 
marrow, and gonads. For instance, the embryo in the uterus is 
killed by a-rays without injuring the adult tissues. The male 
may be temporarily sterilized by raying the testes. As a rule 
rapidly growing tissues are more affected, and for this reason 
a-rays are used in the treatment of cancer, being very destructive 
to cancer cells. 

The gamma rays of radium are x-rays, and hence radium is 
also used for this purpose. It can be placed in tubes and held on 
by bandages or introduced into inner cavities. Owing to the cost 
of radium the application is usually made in the form of very 
small glass tubes filled with radium emanation and stuck into the 
cancerous tissue at equally spaced intervals. Since the action is 
very destructive and the tissue is finally removed, the removal 
of the glass does not require any great amount of care. In this 
case the alpha and beta rays add to the effect of the gamma rays. 

It has been shown that besides lupus other forms of tuber- 
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culosis may be treated with sunlight. The so-called surgical types 
are treated with better results by sunlight than they are by sur- 
gery. Light increases the formation of granulation tissue in 
wounds. This tissue is at first red, but later turns white. It has 
been asserted that too much light may cause an overgrowth of 
the scar tissue, which bulges out of the wound and remains red 
for a long time. 

Regarding the different sources of light, the choice is one of 
wave length. Sunlight, whether on the Alps or at much lower 
levels, does not contain rays shorter than 291 uy, but the angle 
at which the rays strike the atmosphere determines the quantity 
of the short rays that penetrate; therefore the maximum radia- 
tion, particularly of the ultraviolet rays, occurs only when the 
sun is directly overhead, therefore the time of day, season, and 
latitude are very important. Altitude, by eliminating the lower 
regions of the atmosphere, increases the quantity of ultraviolet 
light, but does not affect the presence of waves shorter than 291 wu. 

Since light may cause oxidation of an atom it seems unneces- 
sary to look for a further explanation of the destructive action of 
light. It has been shown that proteins may be coagulated by 
ultraviolet light. Bovie has studied especially light of the so- 
called Schumann region of wave length from 125 to 200 uu. 
A layer of air 1 cm. thick or a layer of water 0.5 mm. thick ab- 
sorbs all of these rays except the longer Schumann rays, and 
fluorite is the only solid that transmits them all. Bovie has 
shown that some proteins which are not directly coagulated by 
illumination may be so sensitized that their coagulation by other 
agents is accelerated. It seems, however, that we may fall into 
error in making the statement that albumins are transformed 
into globulins by the action of ultraviolet light, since there is 
much that we do not understand about the constitution of these 
substances. Under some circumstances Bovie has found that 
illumination may retard the coagulation of some proteins. Fried- 
berger and Scimone assert that ultraviolet radiation tends to 
destroy the amboceptor in hemolytic serum. 
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BIOLUMINESCENCE 


Perhaps all living organisms emit visible light when illuminated 
by ultraviolet light. Some living organisms, however, emit light 
at will. At any rate, there may be a nervous mechanism control- 
ling the light emission, and since the firefly, for instance, may 
emit light on a dark night, we may assume that it is not a case 
of change of wave length, the firefly not being at the time exposed 
‘to ultraviolet light. We are, however, ignorant of the method of 
transferring energy from one atom to another in chemical reac- 
tions, and Perrin presents the hypothesis that all chemical reac- 
tions are accompanied by the emission and absorption of light. 
Oxygen is necessary for the production of light by the firefly, 
which can probably shut off the light at will by shutting off the 
oxygen—for instance, by contracting the tracheal tubes in lumi- 
nous organs. Harvey has studied bioluminescence for a number 
of years and isolated the substance luciferin, which when oxidized 
produces the substance oxyluciferin. Luciferase, water, and 
oxygen are necessary for the oxidation of luciferin to oxyluciferin. 
Light is emitted during the oxidation process. Certain catalyzers 
aid the reduction of oxyluciferin to luciferin. 
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CHAPTER VII 


ATOMIC STRUCTURE AND PHYSIOLOGIC ACTION 


TuE physiologic as well as the physical and chemical properties 
of ions bear some relation to their position in the periodic table. 
Chemical properties are determined by atomic number rather 
than by atomic weight. Isotopes of the same atomic number 
but different atomic weights are so closely related chemically as 
to make separation nearly impossible. 

The elements when arranged serially according to atomic 
numbers are found to fall into the periods of the table of the 
elements, which repeat certain properties related to valence. In 
the zero group of the periodic table helium, neon, krypton, and 
xenon have valences of zero and make no chemical combinations. 
In the first group lithium, sodium, potassium, rubidium, and 
cesium have unit valences in aqueous solution, becoming univ- 
alent positive ions when oxidized by the removal of an electron. 
In the second group beryllium, magnesium, strontium, and barium 
have valences of two, becoming divalent positive ions. In the 
third group boron, aluminum, scandium, yttrium, and lanthanum 
have valences of three, becoming trivalent positive ions. In the 
fourth group carbon, silicon, germanium, and tin have valences 
of four, which may be positive or negative. Carbon also exhibits 
to a greater extent than any other element the property of uniting 
with other atoms like itself, and thus forms the long chains which 
make possible the enormous molecules found in protoplasm. In 
the fifth group nitrogen, phosphorus, arsenic, and antimony have 
negative valences of three and form acids. In the sixth group 
oxygen, sulphur, selenium, and tellurium have negative valences 
of two and form acids. In the seventh group the halogens, fluorine, 
chlorine, bromine, and iodine have unit valences, becoming 


negative ions on reduction in aqueous solution. 
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The physiologic properties of the elements that form ions 
independently—i. ¢., the alkali and alkaline earth metals and the 
halogens—have been compared with their effects on the physical 
properties of the water in which they are dissolved. The order of 
the alkali metals in the periodic table is: 

Li, Na, K, Rb, Cs 


With the exception of Li, their electrolytic solution tensions 
increase in this order (become more positive from left to right). 
Other properties that increase in this order are their atomic 
weights, coefficients of expansion, compressibilities, atomic vol- 
umes, ionic speeds, adsorbability and effectiveness in reversing 
the charge on or precipitating or shrinking negative colloids or 
accelerating the hydrolysis of esters by acids. 

Some properties decrease in this order—i. e., their melting- 
points, the viscosity of their aqueous solutions, and their effective- 
ness in salting-out dissolved gases, non-electrolytes, and positive 
colloids, as well as their effectiveness in accelerating the hydrolysis 
of esters by bases. 

With the possible exception of Li, their toxicity and effective- 
ness in decreasing the rate of settling of erythrocytes increases 
in the order above. Sodium salts are difficult to purify, but when 
sodium chloride, for instance, is in pure aqueous solution it is 
toxic. Therefore there may be some doubt that Li is an exception 
in regard to its toxicity. 

Of the alkaline earth metals the properties of beryllium have 
been least investigated, the others are arranged in the order: 


Mg Ca «Sr Ba 


The following properties increase in this order: atomic weight, 
electrolytic solution tension, ionic speed, adsorbability and effect- 
iveness in accelerating the hydrolysis of esters by acids, and 
reversing the charge on negative colloids. Their effectiveness in 
accelerating the hydrolysis of esters by bases decreases in the 
order above. Their toxicity increases in the same order. 

The order of the halogens in the periodic system is 


F, Cl, Br, T 
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The properties that increase in the order above are atomic weight, 
atomic volume, melting-point, adsorbability and effectiveness in 
salting out positive colloids, and increasing the hydrolysis of 
esters by acids and maintaining the negative charge on porous 
diaphragms. Their effectiveness in salting out gases, non-electro- 
lytes, and negative colloids decreases in the order above. 

In physiology this order of halogens is called the Hofmeister 
series (which includes complex anions also). Fluorides are intense 
poisons on account of the precipitating power of F~ on Ca‘*, and 
therefore must be omitted from the series. The effectiveness of 
the remaining halogens decreases in the same order in restoring 
the irritability of muscle removed from isotonic sugar solution, 
and increases in the same order in producing cytolysis, hemolysis, 
and dissolution of cilia, and in decreasing the rate of settling of 
erythrocytes. 

It was shown by Mathews that the physiologic properties of 
an ion depend on its electric state (valence) and electric stability 
(electrolytic solution tension). The valence of some elements 
depends on their state of oxidation, that is to say, they are capable 
of more than one state of oxidation, and hence may change their 
valence. The toxicity of the ion depends on its valence, and 
hence the toxicity of Fett and Fe'*™, for instance, may not be 
the same. The low toxicity of iron, aluminum, or manganese 1s 
due, however, to the low solubility of the phosphate, except at 
hydrogen ion concentrations greater than exist in the blood or 
cell interior. In order to study the toxicity quantitatively it is 
necessary to determine the concentration of the ions at their point 
of attack on the living cell. The determination of the electrolytic 
solution tension is very difficult, as shown by the fact that the 
newer values may vary considerably from the older ones. The 
most reliable values are those calculated from the electrode 
potentials of dilute amalgams. The purity of the metal, cleanli- 
ness of the amalgam surface and concentration of the amalgam, 
and concentration of the ions in solution must be measured very 
carefully if accurate results are to be obtained. 

An attempt is made in the following series to arrange metals in 
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order of their electrolytic solution tensions: Alt vines 
Tea Feta Cimge Apne Goa Nia: ntsc Phies Fett* 
H*, Cuige Bice Share; Hg**, Agt, Pdtes Pett, Au’. 
Mathews found the order of increasing toxicity of salts of metals 
on fundulus eggs to be Mn, Fe, Co, Ni, Zn, Pb, Cd, Cu, Hg, Ag, 
Au. He did not determine the ion concentrations, but it is well 
known that hydrolysis occurs in solutions of some of these salts. 
The similarity of the two series is very striking. All of the ions 
of the series are very toxic, and yet these elements exist in soils. 
All that saves the life of plants growing in the ground is the 
slight solubility of the heavy metals at the hydrogen ion and 
phosphate ion concentrations existing in soils. Since this matter 
is taken up in detail under the section on Hydrogen Ion Concen- 
tration it will not be considered in detail here. 

The toxicity of the different ions is not always additive, but 
sometimes antagonistic. Whereas Na” is toxic in pure solution, 
this toxicity is antagonized by a small amount of Cat* or some 
other ions (see section on Permeability). 

Sea-water contains small quantities of all the heavy metals, 
whose effects are probably neutralized by the high concentration 
of Na‘. 

The heavy metals form poorly dissociated compounds with 
proteins, fatty acids, and carbohydrates. These protein com- 
pounds swell less in water than do the unaltered proteins, hence 
heavy metals such as chromium are sometimes used in tanning. 
Chrome leather is green and may be said to be overtanned. Us- 
ually a little sulphuric acid is purposely left in it to counteract 
the effect of the chromium and cause it to swell to a slight extent. 

The immediate effect of Al‘** and Pb** on erythrocytes 
seems to be a tanning of the surface, although by this term is 
merely meant union with the metal, as the union may be with 
fatty acid and not necessarily with protein. 

One ion may be substituted for another in a solution bathing 
the surfaces of living cells provided its concentration and the 
concentrations of the other ions are so adjusted as to preserve 
the physiologic ionic balance. Thus Lit may be substituted for 
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Nat (Overton). Such substitutions in the human body are 
made difficult by the loss of the ion in question through the 
kidneys. The substitution of Br~ for Cl~ produces toxic effects 
upon the nervous system before all of the Cl~ has been removed 
from the blood. A fuller discussion of ions jn the blood is found 
in Chapter XI. 

Herbst showed that Nat, K*, Cat*, Mg**, C17, SO,77 and 
NCO; are necessary for the development of sea urchin eggs 
into larvee. Part of the K* could be substituted by Rb* or 
Cs* and part of the Cl7 by Br’. 
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CHAPTER VIII 


THERMOCHEMISTRY IN THE LIVING BODY 


CHEMICAL reactions are accompanied by evolution or absorp- 
tion of heat. Those accompanied by evolution of heat are called 
exothermic, and those accompanied by absorption of heat are 
called endothermic. All chemical reactions, so far as is known, 
are either exothermic or endothermic except possibly the forma- 
tion of one optical isomer from the other. The reactions in living 
matter are largely of two types: (1) oxidation and reduction, 
and (2) hydrolysis, and synthesis with the loss of water. In the 
last type energy changes are very slight. Heat produced in 
living matter is due chiefly to oxidation. This heat is liberated in 
exothermic chemical reactions or is the algebraic sum of the 
heat liberated in both exothermic and endothermic chemical 
reactions. However, other reactions, some of which are endo- 
thermic, cannot be ignored. The unit of heat is the large or 
kilogram Calorie (Calorie) which is the heat required to raise 
1 kilogram of pure water from 15° to 16°. 

In order to find the heat of combustion of a chemical com- 
pound the heat of formation of the substance in question must be 
deducted from the heat of combustion of the elements contained 
in it. The physical state of the elements, whether gaseous, liquid, 
or solid, and in some cases whether crystalline, amorphous, or 
in one of the several allotropic forms, must be defined, since in 
passing from one chemical state to another energy changes are 
involved. These changes, however, are slight as compared with 
the heat of combustion or heat of formation. For instance, the 
heat of fusion of H,O is 1.4 Calories per mol, and of other 
substances is never more than 0.005 Calories per mol, and the 
heat of vaporization of water is 9.7 Calories per mol, while that 


of other substances is very much less. In the following equation 
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solid is abbreviated by (s), liquid by (1), and gaseous by (g). In 
the ordinary equation one mol of a compound is the unit con- 
sidered except where otherwise indicated, as, for instance, in the 
food-stuffs where the molecular weight has not always been 
determined accurately, and a gram is considered the unit. 
The heats of combustion of solid carbon and gaseous hydrogen 
may be shown by the following equations: 
C (s) + Oo (g) = COs (g) + 94.3 Calories 
2H; (g) + O: (g) = 2H20 (g) + 136.6 Calories 
Methane (CH;) has a heat of combustion of 213.8 Calories; 


1. sy 
CHi (g) + 202 (g) = CO2 (g) + H:O0 (g) + 213.8 Calories 


This is 17.1 Calories less than the heats of combustion of C (s) 
and 2H: (g) added together. This difference represents the heat 
given out in the formation of methane. In other words, the 
calorific values of carbon in solid form and hydrogen in gaseous 
form are together greater than the calorific value of methane. 
The following table gives the heat of formation per mol (from 
the chemical elements), the heat of combustion per mol, and the 
heat of combustion per gram of various carbohydrates and or- 


ganic compounds: 
KiLoGRAM CALORIES 


Molecular |. Taation' pati] busta peri aeeton Gael 

mol. mol, gram. 
Avabinios@nn: aankecnties 150 259 .4 657.1 ey Al 
GIUCOSe acest eee mc 180 302.6 677.2 3.76 
Eructosess sneer ee 180 302.1 675.9 Sere 
Sucrosesis see yams - 842 535.6 15a 3.96 
‘actose Saison ye ee 342 Dsoso 1351.4 3.95 
Dextrin® cos eee ee 162 243.6 667.2 4.12 
[ivialin te aeees tee 162 231.4 679.3 4.19 
Starch\a/s arses Oe 162 225.9 684.9 4.23 
Cire Tarerveneh eae oio6 os cos 284 222.6 2682 9.45 
Glyceroliwn ek e.we as. 92 165.6 397.1 4.32 
Ethyl alcohol. sic. .o1en 46 69.9 325.7 7.08 


It may be noticed that the heat of combustion per gram of poly- 
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saccharides is more than that of disaccharides and still more than 
that of monosaccharides. This is due to the fact that in changing 
from polysaccharides to disaccharides and then to monosac- 
charides, water, which has no calorific value (being completely 
oxidized), is taken up. Water increases the weight and therefore 
decreases the calorific value per gram. 

In the combustion of the substances listed above the end prod- 
ucts are CO, and H.O, and are the same whether burned inside 
the body or outside, but where incomplete combustion takes 
place not all the heat is liberated, and it is necessary to know the 
calorific value of the end products in order to calculate the heat 
of combustion of the original substance. In the living body 
protein is not completely burned, urea and other substances 
being formed. For this reason the heat of combustion of protein 
is smaller when burned in the body than when burned outside, 
and can be calculated only by complete analysis of the end prod- 
ucts as well as of the initial ones. Possibly these calculations 
might be eliminated by direct measurements of heat given off 
during the burning of protein in the animal body, but this method 
is open to various experimental errors. In the first place, the end 
products may not always be the same; for instance, in the burning 
of proteins in the body the end products vary according to whether 
body protein is being burned, as in starvation, or whether a diet 
of pure protein has been fed, or whether other substances are 
fed along with the protein. In any case the protein burned must 
be calculated from the nitrogen in the urine, and here also a sec- 
ond source of error may arise. For instance, in starvation the 
burning of body protein produces 3.84 Calories of heat per gram 
of protein; after eating purified meat-protein 4.42 Calories per 
gram are produced, and after eating meat which contains also 
some fat and nitrogenous extractive, the statement is made that 
4 Calories per gram of meat protein are given off; but just how 
much protein has been burned and just how much of the heat 
produced is due to this protein seems doubtful. A third source 
of error lies in the fact that the calculation of the protein from the 
nitrogen in the urine is usually done by multiplying grams of 
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nitrogen by the average factor 6.25 to obtain the number of grams 
of protein burned. The following table will show what errors 


may arise: 

Protein. Per cent. N. Per cent. C. Factor. 
Legumes ato tat a ieee 18 51.7 5.56 
Birt’ cet et ee eee (ky 52.7 5.90 
Meat protein (mixed)............ 16.65 52.4 6.00 
Ovovatellineeeeercss et ister tae 16 51.6 6.25 
Sorin AIO OMNI. 2 be 2 ou Hae So ook 16 52.7 6.25 
ZEON See ae ee ree eee 16 55 6.25 
Ege albumitieptsene eons 15.5 52.75 6.45 


The factor in the proteins here given varies from 5.9 to 6.45. 
The method of obtaining this protein factor is to determine di- 
rectly the calorific value of the urine, and here a fourth source 
of error appears. The calorific value of the urine varies, 1 gram 
of urinary nitrogen on a mixed diet being equal to 8.09 Calories, 
and on a high carbohydrate diet 11-13 Calories (because of the 
presence of formic acid, Dakin). The protein lost in the feces does 
not introduce an error when the protein is calculated from the 
urinary nitrogen, but when it is calculated from the protein fed 
we have to distinguish the protein in the feces from undigested 
food proteins and proteins from the secreted mucin and bodies of 
bacteria. In ordinary eases the nitrogen in the feces is an index 
of the calorific value of the feces on the assumption that protein 
alone is burned. In some cases formic acid appears in the feces 
and increases the total calorific value of the feces. When we sub- 
tract the weight of the ash and water from the feces, the re- 
mainder, produced on certain high protein diets, is 6.852 Calories 
per gram; on a meat diet, 6.127 Calories per gram. Rubner’s 
figures for the average diet is 6.2 Calories per gram. 

The heat value of the protein burned in the body varies with 
the proteins as shown by direct determinations. According to 
Rubner, casein produces 4.4 Calories, whereas meat protein pro- 
duces 4.233 Calories per gram, and vegetable proteins 3.96 Calories 
per gram. Rubner arbitrarily takes the value of 4.1 Calories per 
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gram for protein. In severe diabetes not all of the protein is 
burned in the body, but about 58 per cent. of it is converted into 
sugar which is eliminated in the urine, thus further decreasing the 
calorific value of the protein. 

Fats produce more heat than carbohydrates, and produce the 
same amount whether burned outside the body or inside under 
normal conditions of health; but in starvation or severe diabetes 
they are not completely burned, but the products stimulate the 
metabolism and a portion is eliminated as beta-hydroxybutyric 
acid. Olive oil produces 9.384 Calories per gram; the fat of adipose 
tissue, 9.372; butter fat, 9.179, the lower value for butter fat 
being due to the presence of lower fatty acids. Rubner takes the 
arbitrary value of 9.3 Calories per gram for fat. 

The instrument for measuring the capacity factor of heat 
energy is called a calorimeter. Such an instrument may vary all 
the way from a very simple form, commonly used for determining 
the heat of reaction of two chemical compounds, to the elaborate 
respiration chambers. The simplest types consist of two concentric 
chambers insulated from each other by an air jacket and covered 
by a vulcanite covering through which passes a thin-walled test- 
tube, a thermometer, and a ring stirrer. This inner chamber is 
filled with water. In order to find the heat of reaction of sub- 
stances introduced into the test-tube the capacity of the calor- 
imeter must first be determined. The capacity of the apparatus 
is the number of calories required to raise the temperature of the 
water in the calorimeter 1 degree. 

The instrument in general use for the determination of heat 
of combustion of organic compounds is called the bomb calor- 
imeter. The substance is placed inside a steel bomb with non- 
corrosive lining and filled with compressed oxygen and ignited 
“by means of an iron wire heated by an electric current. The 
lining is made of glass-enamel, platinum, chromium-nickel-steel, 
or other alloy. The bomb lies immersed in a measured quantity 
of water inside a Dewar flask. The water surrounding the bomb 
is stirred with a stirrer that produces very little friction or none 
at all. The mass of water in the calorimeter being known, and 
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its temperature having been read before and after combustion, 
the quantity of heat evolved may be calculated. Since there are 
metal parts in the bomb the heat capacity of the apparatus must 
be measured and the heating effects of the electric current and 
that due to combustion of the iron must be subtracted from the 
total. In some cases a platinum wire may be used, but there is 
danger of melting it or alloying it with phosphorus or base metals 
unless it is placed to one side of the substance to be burned. 

Heat of combustion of substances in the body may be deter- 
mined either by direct or by indirect calorimetry. By the direct 
method the individual is placed in a chamber with suitable devices 
for measuring the heat evolved. In the indirect method the heat 
evolved is estimated from the end products of metabolism. In 
the latter case the sources of error are more numerous, as has 
been partially explained in the paragraphs above. In case the 
direct method is used the indirect is usually employed at the same 
time, and exceedingly great accuracy in interpretation of metabolic 
processes may be attained. 

In indirect calorimetry the heat production may be estimated 
either from the oxygen consumed during a given period or frem 
the carbon dioxide given out, or both. In the oxidation of a 
carbohydrate: 

CsHi20s + 6O, = 6CQ, + 6H,O, 


the O: consumed equals the CQ, given out in molal concentrations, 
and the respiratory quotient (R. Q.) equals one. 


Oe 
PD See 


When a fat is burned the-reaction may be written 
CsHs(CisHOe)s +80 ex = 37 CQ, +82 H,O 


CO, 
RQ. = — = 0. 
ee 
If carbon dioxide output alone is taken as the basis of measure 
ment, a considerable error may occur because of guessing at the 
R. Q. The calorific value of a liter of carbon dioxide when car 
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bohydrate is burned is 5.05 Calories, and when fat is burned, 6.61 
Calories. If oxygen alone is measured, the error due to guessing 
at the KR. Q. is less, the calorific value of a liter of oxygen when 
carbohydrate is burned being 5.05 Calories, and when fat is 
burned, 4.69. In the latter case the error of calculation is scarcely 
greater than the error of the experiment. 

Another source of error lies in determination of the oxygen 
intake. When apparatus of the closed system type is employed, 
oxygen is either added to the system quantitatively as it is with- 
drawn, or its volume is measured by the amount of fall of the bell 
of the spirometer containing oxygen. In either case corrections 
must be made for temperature, pressure, and vapor tension. In 
cases where oxygen is determined volumetrically and carbon 
dioxide gravimetrically slight errors in the R. Q. are likely to 
occur, since both are not affected alike by variations from standard 
conditions. 

To determine the proportion of protein, carbohydrate, and 
fat burned for a given respiratory quotient, the non-protein 
respiratory quotient must first be calculated. This is obtained by 
deducting from the total oxygen absorbed the oxygen required to 
oxidize protein, and from the total carbon dioxide that derived 
from protein. From the following formula the respiratory quo- 
tient for the oxidation of protein in the body may be obtained: 
CoiyyN ~OrS (albumin) + 770, = 62CO, + 38H + 9CO (NH2), + SO; 

CO, _ 63 


BQ = =F = ().82 


The O, required to oxidize the protein may be calculated in liters. 
Urinary N (grams) X 6.04 = O, (liters) 

and the CO, given off may be calculated: 
Urinary N (grams) 4.88 = CO, (liters) 


Then, dividing the non-protein CO, by the non-protein oxygen, 
we find the non-protein respiratory quotient. From the non- 
protein respiratory quotient the amounts of carbohydrate and 
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fat which have been burned may be calculated. These calcula- 
tions are rather complicated, and in order to simplify them the 
following table is reproduced (modified from Lusk): 


Non-PROTEIN METABOLISM 


1 liter of Oxygen is Equivalent to 


Grams. 
Non-protein respiratory quotient. Calories. 
Carbohydrates. Fats. 

.707 0.000 0.502 4.686 
Ripley 0.016 0.497 4.690 
Rl ice 0.055 0.482 4.702 
one 0.094 0.465 4.714 
She 0.134 0.450 4.727 

Ome 0.173 0.483 4.73 
ROMS 0.213 0.417 4.751 
stil sos 0.254 0.400 4.764 
NU Sitoe 0.294 0.384 4.776 
ORR 0.334 0.368 4.788 
taAQea: 0.375 0.350 4.801 
stiles 0.415 0.334 4.8138 
.o2.. 0.456 0.317 4.825 
EOo a 0.498 0.301 4.838 
.84... 0.539 0.284 4.850 
.85. 0.580 0.267 4.862 
.86. 0.622 0.249 4.875 
ESidinc 0.666 0.232 4.887 
.88... 0.708 0.215 4.899 
LOO MEE 0.741 0.197 4.911 
.90... 0.793 0.180 4.924 
Oilers 0.8386 0.162 4.936 
nO2eee 0.878 0.145 4.948 
BOS eae 0.922 0.127 4.961 
94... 0.966 0.109 4.973 
S959.) 1.010 0.091 4.985 
LOG Se: 1.053 0.073 4.998 
BO Gia. 1.098 0.055 5.010 
BOS ee 1.142 0.086 5.022 
BOR 1.185 0.018 5.0385 
OO: 1.232 0.000 5.047 


In the first column of the table we find a figure equal to the non- 
protein respiratory quotient. Trace this line of the table hori- 
zontally to the right and in the second column will be found the 
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number of grams of carbohydrate that have been burned for each 
liter of non-protein oxygen, in the third column the number of 
grams of fat burned for each liter of non-protein oxygen, and in 
the fourth column the number of Calories produced for each liter 
of non-protein oxygen. Protein Calories are determined by 
multiplying the grams of urinary nitrogen by 26.51. This added 
to the non-protein Calories gives the total Calories for the period. 

It is very well to know how many grams of carbohydrate and 
fat have been burned, not only from the point of view of deter- 
mining whether the metabolism may be normal or not, for when 
it is very abnormal the calculations mean very little, but also 
any absurdity in the results shows that the experiment is worth- 
less. The subject cannot burn less than zero grams of carbohy- 
drate or fat. In some cases where it is assumed that no carbo- 
hydrate is burned, these calculations may show some actually 
to be burned. Of course, if any beta-hydroxybutyric acid is 
eliminated, that reduces slightly the accuracy of the calculation 
and lowers the respiratory quotient for the burning of fat from 
0.707 to 0.669. Transformation of glycerol into carbohydrate 
and its elimination in diabetes would cause an error. Storage of 
fat due to transformation of carbohydrate requires no oxygen, 
but produces some COs, and hence it leads to a large error; but 
most of the determinations have been done so as to eliminate 
such errors. 

Very little oxygen is held in the blood and tissues of the body. 
Certain amounts of CO, are held, and any change in the CO.- 
holding power of the blood or tissues from the beginning to the 
end of the experiment would cause an error. In the chill accom- 
panying fever the temperature of the surface of the body is lower 
than usual and that of the interior higher than usual, and this 
produces a change in the heat storage of the body. This may 
introduce considerable error in the calculation of the heat pro- 
duced. 

In some types of calorimeter used in indirect calorimetry the 
spirometer is filled with oxygen and the subject breathes into and 
out of this spirometer, the CO, being absorbed; therefore the 
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depression of the bell of the spirometer is the measure of the 
oxygen taken by the patient. If, however, the lung volume is 
different at the end from that at the beginning of the experi- 
ment, an error will arise. It is very desirable in such cases to have 
a graphic record of the rise and fall of the spirometer bell showing 
the time relations to see whether the respirations are regular. A 
number of spirometers now in use are designed for use with the 
recording drum. If the CO: absorption is defective, COQ, will 
accumulate and cause a very marked increase in respiration rate 
and entirely throw off the result, but even if this does not occur, 
various influences change the respiration. By the graphic record, 
in choosing a time when the respirations are regular, the rate of 
utilization of oxygen may be determined and the amount cal- 
culated for the total period. 

In the portable type of apparatus the CO, is usually not deter- 
mined because a container filled with soda lime sufficient in 
amount to absorb all the CO, produced by one person weighs 
about 2 kilograms. Besides this, the water given off by the soda 
lime must be weighed and the water absorption apparatus is 
weighed with the soda lime tank, increasing the weight still 
further. It would require a balance sensitive enough to weigh 
the CO: produced, yet capable of carrying this enormous load. 
Such a balance is very expensive and usually is not at hand. 
Sometimes ascarite is employed instead of soda lime. Ascarite 
is asbestos containing NaOH, and by its use it may be possible 
to reduce the weight of the apparatus. 

Another method is to absorb the CO, in standard barium hy- 
droxide solution. The following is a description of an arrange- 
ment used in this laboratory: A mask is fitted to the subject’s 
face; from this mask two tubes lead out, one directly to the 
spirometer, admitting oxygen from the spirometer to the mask; 
the other tube passes through a 3-liter glass jar containing an 
accurately measured quantity—for instance, 1 liter of half- 
normal barium hydroxide solution colored with phenolphthalein. 
The Ba (OH)» solution is made by adding 1 N NaOH solution to 
an equal volume of BaCl, solution. The tube passing into the 
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jar extends into the center of a centrifugal blower which’ drives 
the expired air into the jar. The lower part of this blower acts 
as a stirrer, which not only stirs the solution, but sprays it up at 
the rate of about 500 cc. or more per second, throwing a fine 
spray in all directions through the air in this jar. It is found 
necessary to spray this at an enormous rate in order to absorb all 
of the CO,. Another tube passes from this jar to the spirometer. 
As the subject breathes the CO, is absorbed in the jar as barium 
carbonate, and oxygen passes from the spirometer bell to the 
subject. The oxygen is determined by the fall in the spirometer 
bell from the moment the stop-watch is started at the beginning 
of the experiment, and the CO, is determined by stopping the 
experiment at the instant the phenolphthalein turns colorless. 
The oxygen is measured while, saturated with water vapor at 
room temperature and must be reduced to standard conditions— 
7. e., to 0°, 760 mm. barometric pressure, and dryness—by the 
usual methods. The CQO, is determined by multiplying the liters 
of half-normal barium hydroxide by 5.6 to get the liters of CO: 
under standard conditions. 

The earliest experiments in animal calorimetry were those of 
Lavoisier, who employed the method of direct as well as of in- 
direct calorimetry. Lavoisier showed that animals absorb oxygen 
with the production of heat. His calorimeter was simply a block 
of ice hollowed out to form a container large enough for the 
animal and a supply of air, and covered with another block of ice. 
The animal was placed in the calorimeter and allowed to remain 
for a period which had to be brief enough so the air contained in 
the calorimeter would supply the animal with oxygen and would 
sufficiently dilute the CO, produced. At the end of this period 
the animal was removed and the water due to the melting of the 
ice on the inside of the calorimeter was carefully measured. Any 
heat conducted from the .outside melted the ice on the outside 
only. One kilo of ice on melting absorbs 80 Calories. In some 
experiments Lavoisier also determined the oxygen absorbed and 
found that a resting man in air at 26° absorbed 1200 French cubic 
inches of oxygen per hour. An hour afterward the air was lowered 
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to 12° and he absorbed 1400 cubic inches of oxygen per hour. 
According to our modern interpretation this increase in absorp- 
tion of oxygen may be due to muscular exercise in the form of 
shivering. While digesting a meal the same man absorbed 1850 
cubic inches of oxygen per hour, and during exercise, 4000 cubic 
inches per hour. 

In placing a living organism inside a calorimeter it is neces- 
sary not only to supply oxygen, but to keep down the CO, con- 
centration. This is done by having either a large air space and a 
short respiration period or by circulating the air and measuring 
its temperature as it goes in and again as it comes out. In order 
to keep the temperature inside the calorimeter more or less con- 
stant, a cooling coil may be inserted and the heat that is carried 
away determined by weighing the water and measuring the tem- 
perature on intake and exit. 

For a large calorimeter a Dewar flask is not obtainable, and 
the insulation of ordinary insulating material is not to be relied 
upon. Atwater and Rosa used as insulating material a cork layer. 
They also employed a means of keeping the temperature of the 
surroundings the same as that on the inside of the chamber. The 
chamber was surrounded by six closed-in air spaces, each of which 
contained an electric heating apparatus and was connected to the 
interior of the chamber by a thermocouple passing through the 
wall. When the thermocouple showed that the temperature of the 
inclosed space was lower than the wall of the chamber adjacent, 
the heating current was turned on until there was no difference of 
temperature. 

Atwater, Rosa, and Benedict have checked the work by calcu- 
lating the heat produced from measurement of the respiration (in- 
direct method). At first the oxygen consumed was not determined 
in the Atwater-Rosa calorimeter. The CO: produced was weighed. 
The subject was either fasted or given carbohydrate as food, and 
then it was assumed that all of the carbohydrate given was burned 
if the metabolic period was long. The protein burned, calculated 
from the urinary nitrogen, was considered body protein. It was 
not assumed that any loss of glycogen occurred. The body fat 
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that was burned was calculated by the difference in the total CO, 
produced and that calculated as being produced from the burning 
of protein and carbohydrate. In the later form of instrument the 
oxygen is weighed, and thus considerable error is eliminated. 

An attempt has been made to standardize, as far as possible, 
the conditions for studies of metabolism in order that results of 
different experiments may be comparable. For this reason basal 
metabolism has been defined as the metabolism while the subject 
is in the postabsorptive condition, and relaxed but awake. Vari- 
ous experimenters have determined the effect of light breakfast, 
and Barr and DuBois, for instance, report that a breakfast of a 
slice of bread with 8 grams of butter, 1 cup of caffein-free coffee, 
with 10 grams of cane-sugar and 66 cc. of milk, does not have an 
appreciable effect on basal metabolism. Benedict uses coffee 
and saccharin and 30 g. cream and 25 g. potato chips. Meas- 
urements are usually made after fasting from twelve to eighteen 
hours. A more or less definite period after eating must be set, 
since during starvation metabolism constantly decreases, with a 
sharp drop at first and a slow one later. 

The nearest approximation to perfect relaxation would natu- 
rally be while the subject was asleep, but sleep lowers the metab- 
olism below the basal. Since for so many experiments this con- 
dition is not feasible, a period of comparative relaxation has been 
chosen as the standard—7. e., immediately following at least 
several hours of comparative rest and following a period of at 
least half an hour of rest in bed. The temperature of the room 
must be kept fairly high to prevent shivering. The subject’s 
own temperature must be normal, since it has been shown that an 
elevation of body temperature of 1° will, on the average, increase 
the metabolic rate by about 10 per cent. Benedict finds the nor- 
mal skin temperature 28° to 35°, but on exposure it may go down 
to 20°. Wood and Hill observed that oxen with lower skin tem- 
perature fattened on less food than oxen with higher skin tem- 
perature. | 

In order to have the work on metabolism of great value in 
clinical procedures it is necessary to have standards for comparison. 
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This brings us face to face with one of the most difficult problems 
confronting experimenters in this subject—the establishment of 
such standards—that is to say, a method of determining an in- 
dividual’s ideal metabolism and the extent to which he may vary 
from that ideal condition before he is considered abnormal. 

The first formulas developed were on the assumption of a 
definite relation between surface area and radiation of heat, based 
on Newton’s law of cooling, 


q =kot(6T) 


in which g equals the heat lost during the time ¢, k is a constant 
depending on the nature of the surface, o is the area of the surface, 
and 6 T' the degrees temperature above that of the surrounding 
medium. One of the most serious difficulties in the way of testing 
this hypothesis has been that of obtaining an accurate measure- 
ment of surface area. A number of formulas have been suggested 
based on the general formula: 


oc =kwi 


where o equals area of body, w equals body weight, and k is a 
constant. The constants were derived empirically, and the 
various formulas differed only in the value of k. DuBois and 
DuBois believe that height as well as weight helps to determine 
area, and have derived the following formula: 


6 = 71.84 w0-425 0.725 


where o equals area in square centimeters, w is weight in kilograms, 
and h is height in centimeters. 

Other formulas have been worked out eliminating surface 
area and reading directly in Calories produced. Possibly the two 
best known are Dreyer’s formulas and the formulas of Benedict 
and Harris. Dreyer’s first formula is: 


wr 


Cal aude = k 


where'w equals body weight in grams, Cal. is Calories per twenty- 
four hours, A is age in years, n is 0.5 (approximately), and & 
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equals 0.1015 for males and 0.1127 for females. He also worked 
out a formula for the relation between basal metabolism and 
height, 

Bes 

Gal, 40-1333 2 
where h is body length in centimeters, n is approximately 1.5, 
ky is 1.567 for males and 1.597 for females. Dreyer believes 
that if an individual is of normal build, the heat determination 
by these two formulas will give consistent results, but if a person 
varies widely from the average, an adjustment must be made. 
Thus, although in the age-weight formula he does not recognize 
the fundamental importance of surface, he does admit that the 
form of the individual has an effect on his heat production. The 
values of the age-weight formula have been tabulated by Stoner. 

The formulas of Harris and Benedict are: 


Cal. ($f) = 66.4730 + 13.7516 w + 5.0033 h — 6.755 A 
Cal. (2) = 655.0955 + 9.5634 w + 1.8496 h — 4.6756 A 


where Cal. (¢) equals total heat produced by males (twenty- 
four-hour period) and Cal. (2), by females; w is weight in kilo- 
grams, h is height in centimeters, and A is age in years. 

Extensive tests have been made of the relative applicability of 
the formula of DuBois and DuBois and those of Harris and 
Benedict by figuring the extent of error estimated in individuals 
whose metabolism had been determined directly. Boothby and 
Sandiford recalculated the basal metabolism of 8614 subjects, 
using the two formulas. They found that the rates calculated 
from the Harris-Benedict formulas are on the average about 4 per 
cent. lower than those found by the DuBois formula. 

The Calories per square meter of body surface vary with age 
in man, and are at a minimum at birth and a maximum at about 
two to four years, after which they decrease at first rapidly, then 
more slowly, until death. The sharp bend in the curve during 
infancy has been one of the main arguments used against the 
idea that there is a fundamental relation between surface area 
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and metabolic rate. Nearly all, however, admit that there is a 
remarkable agreement between them. Lusk believes the correla- 
tion to be between calorific output and “active mass” of proto- 
plasm. 

That heat production has nothing to do with the law of cooling 
is evident from the fact that there is no direct relation between 
the heat production and skin temperature or the external tem- 
perature in isothermic (warm-blooded) animals, and the surface 
law is applicable to some poikilothermic (cold-blooded) animals. 
The fact that the surface law can be applied is probably due to 
the composition of organisms of thin membranes which might be 
called surfaces, since the thickness of these membranes remains 
more or less constant when the area increases. 

This surface law holds only for true basal metabolism of the 
animal. In some lower organisms, when oxygen is cut off, the 
heat produced falls to zero, and these organisms may die in about 
twelve hours or more if oxygen is not readmitted sooner. There 
is no surface law when muscular activity is included in the metab- 
olism, although the slight muscular activity due to necessary 
heart beat and respiration is included in what we arbitrarily desig- 
nate the basal metabolism of man. The muscles are not built 
up on the membrane plan, although they are, of course, supplied 
with blood and nutritive substances which have to diffuse through 
membranes. The surface law is illustrated by the provision for 
supply of oxygen to the tissues. The trachea brings in the oxygen 
and the aorta distributes it to the body. The cross-section of the 
trachea and the cross-section of the aorta are each proportional 
to the surface of the skin. 

It is not possible to-go into detail concerning all the applica- 
tions of study of heat metabolism, but just to indicate some of 
these. In the first place, the metabolism cannot be accurately 
calculated from the food consumed unless food that can be com- 
pletely digested is chosen, such as meats (and milk under certain 
conditions). In this case the feces consist merely of mucin, bac- 
teria, mineral salts, such as calcium phosphate and water. On 
eating such foods as string beans the enzymes that digest starch 
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cannot get through the cell walls of the bean, and the starch is 
undigested, while the sugars are the only carbohydrates absorbed. 
Vegetable proteins, either on account of their coverings or their 
physical nature, are not all digested. In the case of proteins of 
peas only 80 per cent. is digested. 

In conclusion, some practical applications may be mentioned. 
By calculations the amount of carbohydrate burned jn diabetes 
may be determined. The basal metabolism is an aid in diagnosis, 
since it is high in hyperthyroidism or thyroxin feeding, and is 
high in hyperpituitism, whereas it is low in hypothyroidism or 
cretinism or after removal of the thyroid, in hypopituitism, and 
in some other conditions. 

During muscular activity or the absorption of food the metab- 
olism is raised above the basal rate. During absorption of carbo- 
hydrates the blood-sugar level is raised and carbohydrates are 
burned more rapidly. The same may be true of fat. 

Protein on absorption exerts a specific dynamic action and 
raises the metabolic rate. Lusk has studied the specific dynamic 
action of various amino-acids and found the greatest effect due to 
glycine and alanine. 

According to Plant, the specific dynamic action of protein is 
decreased in constitutional obesity as distinguished from obesity 
due to myxedema. 


THE CALORIMETRY OF MUSCLE CONTRACTION 


The energetics of muscular contraction were at first based on 
the idea of a heat machine such as the steam engine. Engelmann 
found that the violin strmg would contract when the water was 
heated and would relax again on cooling, but it has been observed 
that unless the string is stretched or twisted while drying, it will 
not shorten on absorbing water. 

It is well known that a muscle becomes fatigued after long 
activity in the absence of oxygen, in which case lactic acid accu- 
mulates (Fletcher and Hopkins). Harden and Maclean in 1911 
found that respiration would not occur in the pressed juice of 
muscles, that is to say, that the lactic acid is not burned. 
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The energetics of muscular contraction have recently been 
advanced considerably by A. V. Hill and by Otto Meyerhof. 
Hill showed that the heat liberated may be divided into two main 
parts—action heat and restitution heat. Action heat may be 
again divided into: first, that which occurs on contraction, and 
second, that which is liberated gradually on relaxation or con- 
tinuously during tetanic contractions. Restitution heat is that 
which is liberated by the oxidation of lactic acid in the presence 
of oxygen. The restitution heat is produced about one second 
after a single muscle twitch. The efficiency of the muscle may be 
20 per cent., but varies with the load. The energy that might be 
used in mechanical work will not all be so used unless the proper 
machine be devised. The most efficient machine would be one 
that maintained the optimum load all during the contraction 
which would be a varying load, and in which the relaxation was 
accomplished without any transfer of energy. Such a machine 
would be frictionless, but in practice there is always friction 
inside of the muscle, that is to say, muscle produces heat by its 
own deformation both in contraction and in relaxation. 

Under ideal conditions a large proportion (40 to 50 per cent.) 
of the energy set free during the contraction may be recovered in 
mechanical work, but none of the energy represented by the resti- 
tution heat is available for the contraction concerned because it 
occurs after the contraction is over and is due to the burning of 
lactic acid with R. Q. = 1. It is assumed, however, by Meyerhof 
that some of this energy is used to restore the muscle to its original 
state. For instance, lactic acid is produced during the contrac- 
tion and about 370 gram calories of heat are produced in the 
formation of a gram of lactic acid from glycogen, whereas the 
heat of formation of lactic acid from glycogen in a calorimeter is 
only 230 gram calories per gram. This value of 370 gram calories 
can be reduced by hanging muscle in alkaline Ringer’s solution, 
so some of the heat is due to the combination of lactic acid with 
the muscle tissue. Heat is produced by immersing muscle in 
valerianic acid. This heat is due to combination of H ions with 
protein, for when 1 gram of lactic acid reacts with concentrated 
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egg-albumin solution, 140 gram calories are produced. The 
lactic acid produced is neutralized by alkali protein and the pH 
is not changed more than 0.01 (Ritchie). Meyerhof supposes 
that the lactic acid causes the shortening, and that it is produced 
in the fibrils, but the sarcoplasm proteins immediately remove 
the lactic acid and allow the fibrils to relax. The action heat may 
then be divided into two parts, the first part during true con- 
traction when lactic acid is produced, and the second part during 
relaxation when the lactic acid combines with the sarcoplasm. 

It was previously supposed that the restitution heat repre- 
sented the combustion of all the lactic acid to CO., but 3836 
gram calories would be liberated in the burning of 1 gram of 
glycogen, whereas the restitution heat equals the action heat, and 
the total heat is 740 gram calories per gram of lactic acid. There- 
fore it is assumed by Meyerhof that part of the lactic acid is built 
back into glucose to be used in later contractions. 

Since the total heat produced equals 740 gram calories, and 
370 of these appear during the first action phase, the remainder, 
or 370, would represent the net heat production of the restitution 
phase, and would represent the algebraic sum of the oxidation of 
0.193 gram of lactic acid (exothermic), and the restoration of the 
remaining 0.807 gram of lactic acid to its original condition (endo- 
thermic). These calorific determinations vary so much in the 
different papers that the reader is referred to the original papers. 

According to Embden it is a hexose-diphosphate that is the 
source of muscular energy. Hence it may be that the lactic acid 
is transformed back into a hexose-diphosphate, the energy re- 
quired for this process being derived from the burning of about 
one-fifth of the lactic acid to COs. If glucose is added to the pressed 
juice the production of lactic acid is not increased, but if hexose- 
diphosphate is added to the pressed juice the production of lactic 
acid is increased. In order to determine the phosphoric acid 
liberated from hexose-diphosphate it is necessary to plunge the 
muscle immediately after stimulation into liquid air. 

In the case of prolonged and heavy muscular exercise lactic 
acid may pass into the blood and out through the kidneys. The 
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amount of lactic acid produced in 9 man may be 130 grams ac- 
cording to Hill. The liberation of this amount of acid greatly 
changes the momentary respiratory quotient in Hill’s experiments, 
but in the total extra metabolism during exercise the R. Q. = 1. 
Embden observed that the feeding of sodium phosphate to men 
greatly increased their ability to do muscular work. It has re- 
cently been shown by Lusk that the energy required for the re- 
storation of the lactic acid to its original form may be derived from 
oxidation of fat. 

Bethe objects to the assumption that lactic acid causes the 
contraction, because alkali, alcohol, caffein, chloroform, or heat 
may produce contraction, but these may cause contraction even 
of a narcotized muscle or one that is made incapable of stimula- 
tion by KCl or cane-sugar solution. Chloroform, alkali, and 
caffein cause a production of lactic acid. 

Bethe maintains that acids or alkalies in causing contraction do 
not produce as great a tension as in normal tetanus, while chloro- 
form, methyl and amy] alcohol, and heat produce a greater tension 
than occurring during tetanus. It must be remembered, how- 
ever, that lactic acid is present in all these cases. 

The thermocouples used by Hill to determine the heat pro- 
duced by the contraction of the sartorius muscle of the frog were 
very sensitive. Constantan wire of 49 gauge was wound around 
a thin piece of mica and half of each side coated with shellac. 
It was then electroplated with silver, the current used being 2 
ampere seconds. This deposited silver on the unvarnished sur- 
face so that the silver would carry nineteen-twentieths of the cur- 
rent, the junctions of plated and unplated wire then acting as con- 
stantan-silver junctions... The wire could be wound so closely as 
to give thirty junctions per millimeter breadth of the thermo- 
couple. 
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CHAPTER Ix 
COLLOIDS IN ORGANISMS 


Tue chief colloid in organisms is protein. Some writers have 
considered protein an ampholyte since it is made of amino-acids, 
which are ampholytes, but this view is not universally accepted. 
The general formula for proteins and amino-acids is 


RCHNH,COOH 


in which R represents a carbon chain or a series of them connected 
by the amino and carboxyl groups. Some of the amino-acids 
may be nearly neutral, in others the acidic or basic character 
predominates. 

The logarithms of the reciprocals of the dissociation con- 
stants of some ampholytes (amino-acids and dipeptids) at 25° 
are shown in the following table. In aspartic acid the acidic 
character predominates, and in arginine the basic character pre- 
dominates. 


—log Kg. Ampholyte. —log Ky. Sa point. 
3.85 Aspartic acid 11.92 3.03 
4.39 Glutamic acid eerie ie 
4.79 m-Aminobenzoic acid 10.91 3.79 
4.92 p-Aminobenzoic acid 11.63 4.20 
7.74 Glycylglycine 10.70 5.52 
7.74 Alanylglycine 10.70 5.52 
7.82 Leucylglycine 10.52 5.66 
8.16 TaUrine yaaa ie ae Remo ee 
8.28 Asparagine 11.74 5.27 
8.40 Tyrosine 11.58 5.41 
8.66 Phenylalanine 11.89 5.35 
8.66 Histidine 8.24 22) 
9.70 Alanine 11.28 6.72 
9.74 Glycine 11.55 6.58 
9.74 Leucine 11.49 6.54 

11.00 Lysine 7.00 9.00 

13.96 Arginine 7.00 10.48 
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The double nature of these substances is shown by the following: 
If HCl is added to glycine, the hydrochloride is formed. The 
process may be pictured as follows: the glycine no longer disso- 
ciates H ions, owing to the large number introduced in the HCl, 
and the H ions already dissociated recombine with the glycine. 
The amino group of the glycine binds H ions or dissociates OH 
ions, so that glycine’ is formed, and if an electric current is 
passed through the solution the glycine will go to the cathode. 
When KOH is added to glycine solution K-glycinate is formed, and 
the details of the process may be pictured similar to the above. 
If an electric current is passed the glycine will go to the anode. 

At a certain reaction of the solution either the amino-acid 
will not migrate in an electric field, or half will go toward the 
cathode and half toward the anode. The reaction at which this 
occurs is called the iso-electric point for the amino-acid. At the 
iso-electric point there may be one of two conditions present. 
Either there will be an equal number of positively and negatively 
charged ions, or there may be a number of neutral molecules 
accompanied by equal numbers of positive and negative ions. 
Pauli has made the following generalization: If we represent 
by K, the dissociation constant of the carboxyl group of the 
amino-acid and K} the dissociation constant of the amino group, 
then when K, = K,, the iso-electric point will be reached in a 
neutral solution. If they do not equal each other, the amino-acid 
will not be iso-electric in a neutral solution, but will be iso-electric 
at some other hydrogen ion concentration. If the product of K, 
and K, is equal to 10°” or more, there are no neutral molecules, 
but there are equal numbers (at the iso-electric point) of posi- 
tively and negatively charged ions. If kK, = K, = 10~* (their 
product = 10~"*), then there are a small number of neutral mole- 
cules at the iso-electric point, which is the point of neutrality, 
accompanied by equal numbers of positively and negatively 
charged ions. If K, = A, = 10~* (their product = 10~"°), then 
there are a large number of neutral molecules, other conditions 
being the same. If K, = A, = 10~'! (their product = 107”), 
then all of the molecules are neutral at the point of neutrality of 
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water and there are no positively nor negatively charged ions. 
Furthermore, the hydrogen ion concentration may be varied 
between 107° and 10° without the appearance of an appreciable 
number of ions. In fact, it has to reach 10~° in order to obtain 
50 per cent. of positively charged ions or 10~"' to obtain 50 per 
cent. of negatively charged ions. If K, is not equal to K, the iso- 
electric point is not the point of neutrality of water, but the prod- 
uct relations are the same—. e., in order to obtain the broad 
zone with all the molecules in neutral condition it is necessary to 
have K, X K, = 107” or less. 

Since proteins are formed of amino-acids, the method of dis- 
sociation may be similar to that of amino-acids, but according 
to Gortner and Hoffman the combination of protein with acids 
and bases is chiefly by adsorption outside the pH range of 2.5- 
10.5. 

The determination of the iso-electric point was first made by 
electrophoresis (cataphoresis)—. e., the protein solution was 
placed in a U-tube through which an electric current flowed. It 
was observed that the protein migrated either to the anode or to 
the cathode. The hydrogen ion concentration was changed until 
the protein ceased to migrate. This was the iso-electric point. 
From what has been said before it seems that it may either mi- 
grate in both directions simultaneously or it may be possible to 
change the hydrogen ion concentration over a considerable range 
without its migrating in either direction. At the same time it 
will diffuse in both directions, although it diffuses slowly. Then, 
too, if any convection currents are present it will be carried more 
rapidly. Therefore, the determination of the iso-electric point is 
difficult. 

Another method of determining the iso-electric point is to 
change the hydrogen ion concentration and to apply various 
tests other than electrophoresis to determine the maximum num- 
ber of neutral particles. Although the particles of protein that 
have lost their charge do not ordinarily precipitate, they may 
be made to precipitate by various means after losing their electric 
charge. They also show lowered osmotic pressure. In the case 
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of polyvalent substances like these, the salts may dissociate 
and lead to more than double the osmotic pressure. Hence, the 
point of minimum osmotic pressure may be considered the iso- 
electric point. If an iso-electric zone exists, there will be a zone 
of low osmotic pressure. 

A fourth method depends on the fact that the iso-electric 
point is the point of minimum viscosity. 

A fifth method of determining the iso-electric point is to find 
the H* concentration that remains unaltered on addition of 
various amounts of the protein. Of course, this protein should 
be at the iso-electric point when added. 

It has been shown that proteins differ in electric charge not 
only on change of hydrogen ion concentration but also on change 
of other ions. Therefore the protein does not behave in exactly 
the same way in hydrochloric acid as it does in acetic acid of the 
same hydrogen ion concentration. 

The iso-electric points or zones of many animal proteins are 
on the acid side of neutrality, and those of the vegetable proteins 
vary rather widely. The following table gives the pH at the iso- 
electric point: 


Protein. pH at iso-electric point. 
Beer OM Ane Pek: aw te eta asain tee, RS 
SET UME AL OUMTL Soen reeks MeN Reval Oo atte kein ia ake he 
Seri Ty PLO ULI aA peer ere eee cied enees ota dn eetets tees 
(GETSTAL Se Bike A conta dias accent acai area aac ener meee Pere 
Gliadin. . 
Edestin. s 
Oxyhemoglobin. . 
Pancreas nucleoprotein (trypsin). 
From typhus bacilli. . MM A Stet tee. eRe cata. 
From paratyphus bacilli. Ik Avi ap Uns hayes Meo Os, 
Fibrinogen. . CaO rec ehere 


os to WR IC 


TUR RW ONO ROH 


Ordinary gelatine is iso-electric at pH 4.7, but on the addition of 
NaCl the iso-electric point may be displaced to pH 3.3. 

Bechhold (1908) forced colloid sols through ultrafilters of 
different sized pores, and in this way classified the sols according 
to size of particles (or filtratability). The order is as follows, be- 
ginning with sols of larger particles: 
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(Colloidal iron) 
Casein 

(Colloidal gold and silver) 
Gelatine 
Hemoglobin 

Serum albumin 
Diphtheria toxin 
Protalbumoses 
Lysalbinic acid 
Dutero-albumose A 
Dutero-albumose B 
Litmus 

Dextrin 


The effectiveness of ions in precipitating hydrophile colloids 
varies with the charge on the colloid. The Hofmeister series of 


anions is 
CNS, I, NO, Cl, CH;sCOO, SO,, tartrate, citrate 


The order in precipitating acid albumin is 
CNS <I <Br < NO; <Cl < acetate < citrate < SO, 
The order of cations in precipitating fibrinogen is 


Rbe<anie<cNag<e Keres 
and 
Ba > Sr > Ca> Mg 


With some negative hydrophile colloids, however, the order is 
Jai<aNai< Kec Rb 


The swelling of gels is influenced by the Hofmeister series. 
Some sulphates and tartrates cause gelatine to shrink. Bromides 
and nitrates cause it to swell. Their effect on gelation of sols is: 


SCN < Br, <NO; < Cl < CH;COO < citrate < tartrate < SO, 


Glycerol, glucose, and cane-sugar shrink and increase the vis- 
cosity of gelatine and starch gels, and urea swells and decreases 
the viscosity. The Hofmeister series for negative sols is reversed 
for positive sols and becomes irregular near the iso-electric point. 
It is claimed by some investigators that the pH is the only factor 
and the salts used in showing the Hofmeister series act as buffers, 
changing and stabilizing the pH. Gortner, however, has shown 
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that the pH is not the only factor and that the anions of acids 
have an influence. 


HYDRATION AND SWELLING OF PROTEINS AND COLLOIDAL 
CARBOHYDRATES 


It has been shown, especially by MacDougal, that carbo- 
hydrates swell most in water, and both acids and bases as well 
as salts reduce the swelling. 

Proteins swell least at the iso-electric point, and since 
most animal proteins have an_ iso-electric point on the 
acid side of neutrality and since the blood and body fluids 
and even cell juices are on the alkaline side of the iso-electric 
point, the addition of acid first reduces the swelling until the iso- 
electric point is reached. Both acids and alkalies when added to 
iso-electric protein increase the swelling up to a certain concen- 
tration of H and OH ions. The effects of higher concentrations 
are too complicated for us to consider in the space that is at our 
disposal. 

It was assumed by Procter and Wilson that the swelling of 
proteins is due to the osmotic pressure of the accompanying ion. 
They did not attribute any osmotic pressure to the protein ion; 
in fact, the protein was in the form of a gel and not free to diffuse, 
and therefore they assumed that it could exert no osmotic pressure 
of itself. If we view osmotic pressure quantitatively as stated in 
Raoult’s Law, then the osmotic pressure of the protein would be 
proportional to its effect in lowering the vapor tension of water, 
and it might do this whether it is free to diffuse or not. In other 
words, if the protein cannot go to the water, the water can come 
to the protein. Procter and Wilson, however, assumed all of 
the osmotic pressure to be due to the accompanying ion, and they 
calculated the osmotic pressure from Donnan’s equation. They 
used this in a study of the swelling of gelatin and also in the swell- 
ing of hides, particularly in the tanning process. Since the swelling 
was proportional to the osmotic pressure, the data of Sérensen on 
the osmotic pressure of pure egg-albumin may be considered in 
relation to the theory of swelling. 
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Early work on proteins was done with very impure samples; 
perhaps the first work on highly purified samples was that of 
Sorensen and his collaborators, on egg-albumin. By a large 
number of recrystallizations they obtained crystals of pure egg- 
albumin, or what we might call egg-albumin sulphate, as two 
molecules of the albumin were bound with three molecules of 
sulphuric acid and 830 water molecules (molecular weight 34,000). 
They showed that egg-albumin solution of given composition 
invariably exerted the same osmotic pressure. Ammonium sul- 
phate affected the osmotic pressure by lowering it, especially 
when the ammonium sulphate concentration was fairly large, 
probably by causing an aggregation of the albumin molecules. 
The osmotic pressure was lowest at pH = 4.25 in the presence of 
4 per cent. (NH:).SO;. On increasing the hydrogen ion concen- 
tration the pressure increased very slowly, but on lowering the 
hydrogen ion concentration below pH = 4.4 there was a rapid 
increase in pressure. They found that egg-albumin combined 
least with acids or bases at pH = 4.8, which would indicate that 
this is the iso-electric point rather than pH = 4.25. 

W. F. Hoffman observed that the values of the logarithm of 
the equivalent of HC] bound per gram of casein or durumin plotted 
against the pH of the mixture fell almost on the same straight 
line. This might indicate that not all of the amino and imino 
groups were used up, but he calculated that they would be if the 
binding were salt formation, and that, therefore, the binding in 
high acidity is a case of adsorption. These proteins bound more 
H;PO, than HCl at the same pH. He found that except in low 
concentrations of acid or base the binding is the same per gram 
of protein irrespective of-the chemical nature of the protein. He 
considered this further proof that the binding is adsorption. 

The swelling of a protein at its iso-electric point might, there- 
fore, be due to the accompanying ions, which would be present in 
equal numbers, positive and negative, or it may not be. It may 
be due to capillarity. Derby found that rubber swells by capil- 
larity. 


The swelling of proteins in water is sometimes spoken of as 
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hydration. It is also stated that protein sols are hydrated. It 
was shown, however, by Hofmeister and others that if gelatin 
swells in a salt solution, the concentration of these salts in the 
swollen gelatin is practically the same as that in the surrounding 
solution, as though water went in by capillarity. Since it is 
maintained that ions are hydrated, if we assume that the water 
in the swollen gelatin is all hydrate water we must suppose that 
both protein and inorganic ions can share the same hydrate water. 
Neuhausen attempted to measure the hydration of the serum 
proteins by determining the vapor tension of serum at body 
temperature. He did not find evidence for any of the water being 
combined with protein. Newton and Gortner found that the 
proteins in winter wheat sap bound a certain proportion of the 
water so that it did not take part in the solution of cane-sugar. 

It has been assumed that the viscosity of sols is a measure of 
hydration. Sharp and Gortner have used viscosity as a measure 
of the hydration capacity of the proteins of wheat flour. Their 
work is of great interest from the standpoint of the theory of 
loaf-volume in baking. Gortner and Newton have used as an 
index of the hydration capacity of the proteins of hardy winter 
wheat the force required to press out juice from 100 grams of the 
green blades of wheat after successive freezing and thawing. 
With a pressure that will press out 60 cc. of water from wheat 
that is not hardy only about 1 cc. could be pressed out from the 
hardy strains. 

It was shown by Starling that the blood volume is dependent 
upon the osmotic pressure of the proteins. When the blood 
passes through a glomerulus of the kidney the force of blood- 
pressure presses out the substances to which the wall of the 
glomerulus is permeable. Since this wall is not permeable to 
protein the filtration will cease when the osmotic pressure of the 
proteins equals the blood-pressure in the glomerulus. The cor- 
puscles shrink in size because of increase in CO, while passing 
through the capillaries. The water they lose in the glomerular 
capillaries may filter out. 

F. H. Scott has shown that similar relations hold for equilibrium 
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in regard to water between the blood-corpuscles and the blood and 
also between the blood and the tissues. He has shown that the 
blood-vessels in the tissues, particularly in the liver, are slightly 
permeable to protein. Where rapid changes take place they may 
be considered impermeable. He has found that when water is 
added to blood, all of the water passes into the corpuscles—at 
least insofar as the analyses show. Since the greater amount of 
the protein is in the corpuscles it is to be expected that by far the 
greater amount, but not all, of the water will enter them. The 
non-diffusible substances in the blood maintain the blood volume, 
and therefore salt solution injected intravenously after hemor- 
rhage rapidly passes out of the blood. For this reason a large 
amount of work has been done on injection of gum acacia to re- 
store the blood-volume. Although the gum acacia does not re- 
main permanently in the blood-vessels, it remains there longer 
than salt solution, and since the vessels are slightly permeable to 
protein, and since protein comes in also by the thoracic duct, 
the gum acacia is gradually replaced by protein even before the 
body has time to regenerate the blood-proteins lost by hemorrhage. 

As living cells contain colloidal proteins, carbohydrates, and 
lipins, and the swelling of the cell may be ‘a function of all three, 
MacDougal has studied the swelling of plates of agar and gelatin, 
agar and bean protein, agar, gelatin and soap, and other com- 
binations, and the effect of various electrolytes and non-elec- 
trolytes on the swelling. Besides studying the equilibrium he 
has made very accurate determinations of the rate of swelling. 
According to Tieback (1911) a mixture of gelatine and gum arabic 
behaves like a globulin, particularly like casein, as regards swelling. 
Beijerinck (1910) claims that a hot 10 per cent. gelatine solution 
and hot 2 per cent. agar or 10 per cent. soluble starch, do not 
mix, but form an emulsion. Dried seaweed has been observed to 
take up water against a pressure of 40 atmospheres, and soluble 
starch will take up water against a pressure of 2500 atmospheres 
(Rodewald). The swelling pressure of gelatins of different water 
contents is given by Posnjac (1912) as follows: 


Pressure in em. Hg... ; . 837 303 240° 156 82.4 
Grams H,O per 100 gm. gelatine....... 92 110 128 146 206 Seat 
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CHAPTER X 
HYDROGEN IONS IN BIOLOGY 


HYDROGEN-ION CONCENTRATION AND ENZYMES 


Eacu enzyme has a particular pH at which the action is most 
rapid. The following table gives values for a number of enzymes: 


Optimum Alk. 
Enzyme. HH. inhib. 
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Proteolysis of fibrin by try psin. Soh at i are 
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Proteolysis.of casein by trypsin... .......5.2....- 
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HYDROGEN-ION CONCENTRATION OF THE ALIMENTARY TRACT 


The saliva is approximately neutral in reaction. It is asserted 


by Andresen that the mucous and serous parts of the saliva have 
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different hydrogen ion concentrations and that the greater pro- 
portion of the buffer is in the serous part. The buffer is com- 
posed chiefly of bicarbonates, though phosphates and proteins 
are present. The bicarbonate (alkaline reserve) may be titrated 
by adding an excess of standard acid, blowing out the CO, with 
CO.-free air, and titrating back with standard CO.-free alkali. 
It was shown by Robb and his collaborators that the alkaline 
reserve on a normal diet giving an alkaline ash is about 0.008 NV. 
On a scurvy diet which not only lacked the antiscorbutic vitamin 
but also had an acid ash, it fell to 0.004 in about a week. Certain 
substances of sharp (acid) taste in the mouth stimulate the salivary 
glands and saliva of higher alkaline reserve is secreted. Thus in 
one experiment the alkaline reserve was found to be 0.007; then 
lemon juice was taken into the mouth, and after ten minutes the 
alkaline reserve had risen to about 0.014 N. It is necessarily true 
that if such a solution is exposed to the air so that CO: can escape, 
the pH will increase, and this is actually shown to take place by 
experiment. Even air reaching the saliva in the mouth cavity 
increases the pH, and if air is blown through the saliva, the pH 
is still further increased. Therefore, the finding of an alkaline 
saliva in the mouth cavity does not mean that it was alkaline 
when secreted. 

Not only is it impossible that the saliva should dissolve the 
calcium phosphate of the enamel or exposed dentine, but calcium 
phosphate is even precipitated from the saliva on to the teeth. 
It may, however, be possible that down under bacterial plaques 
or masses of precipitate or colloid aggregates, and in the presence 
of carbohydrate, bacteria may produce sufficient acid to etch the 
enamel. The saliva contains a very slight trace of glucose and 
also a glycoprotein (mucin). Carbohydrates of the food probably 
do not remain on the teeth very long, starch being hydrolyzed by 
the saliva and washed away. . 

Stomach.—Hydrochlorie acid was discovered in the gastric 
juice by Prout in 1824. It had been previously considered that 
the acid in the stomach was due to fermentation; in fact, that 
idea influenced clinical observations for a long time, and various 
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methods were used to determine the amount of fermentation in 
the stomach. Prout’s fundamental discovery cleared up the whole 
question of the acidity of the stomach for those who could inter- 
pret his findings, but there has been a great deal of discussion and 
misunderstanding concerning this question. It was shown by 
Menten and others that the human gastric juice is almost pure 
0.1 N HCl solution. No acid is produced in the pyloric glands. 

It was supposed that the border cells of the fundus glands 
secrete the acid. Harvey and Bensley showed that there is no 
HCl in the cells themselves, although Collip supposed that there 
is HCl on the cell border. Since HCl is not secreted as such, 
and since chlorides are strong electrolytes, it follows that the 
hydrogen ions and chlorine ions are secreted separately. For 
the mechanism whereby this may take place the reader is re- 
ferred to the section on Anomalous (Negative) Osmose, Chapter 
XII. To summarize the process here it seems possible that NaCl 
diffuses through a membrane of relatively large pores from the 
blood into the gastric lumen, and since Cl diffuses more rapidly 
than Na‘, this makes the lumen electronegative. At some other 
region of the stomach wall the pores are smaller and NaCl can- 
not get through, but hydrogen ions being very small can enter 
and are drawn in by the negative charge. In other words, the 
secretion of HCl is a continuous process, the chlorine ions coming 
in through one region of large pores and the hydrogen ions through 
the general surface against a concentration gradient. This hy- 
pothesis would necessitate that some sodium ions also enter, 
but not as many as the chlorine ions, and it is true that gastric 
juice contains sodium ions. This hypothesis has not been worked 
out quantitatively, however, in order to show that it is possible 
to obtain a 0.1 N solution of hydrochloric acid in this way. The 
experiments of Bethe and his collaborators have demonstrated 
that the reaction of a solution separated from another solution 
by a membrane may be altered by the passage of an electric cur- 
rent through the membrane. ‘The electric currents produced by 
secreting glands have been measured very often. The hypothesis 
then has been tested qualitatively. 
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It was shown by Boldyreff that regurgitation of pancreatic 
juice into the stomach might occur. The gastric juice does not 
remain 0.1 N HCl, but is partly neutralized by the bicarbonate 
of the saliva and the pancreatic juice as well as by the mucin 
and food proteins. It can be obtained pure in dogs by means of 
the Pavloff pouch, and in some human beings who possess gastric 
fistule. Ordinarily a somewhat diluted gastric juice is obtained 
after taking the Ewald test-meal which consists of 35 grams 
of toast and 250 cc. of tea. The concentration of hydrochloric 
acid depends on the rate of secretion and the rate of combination 
and dilution. It was shown by McClendon that owing to the 
regulatory motor mechanism there is a maximum hydrogen ion 
concentration of the stomach contents in each individual, but 
that this maximum may be slightly different in different indi- 
viduals. It varied between pH = 1 and pH = 2.5. If a large 
meal is taken the maximum hydrogen ion concentration requires 
more time to be attained than after a small meal. The Ewald 
test-meal has the advantage that it is very small. If the pylorus 
is tied off, acid is continually secreted until the acidity may rise 
almost to equal that of pure gastric juice. The pylorus may be 
closed spasmodically in certain diseases. This gives rise to what 
is known as hyperacidity. In no case is gastric juice of an ab- 
normally high hydrochloric acid content secreted, but some- 
times juice may be very scanty or perhaps of low acid content, 
both conditions being designated hypoacidity or achylia. 

According to Carlson, hypoacidity may exist in the following 
conditions: (1) Achylia simplex, (2) cancer (appears late in case 
of human cancer and not at all in case of experimental rat 
tumors), (3) anemia, (4) infantile anorexia and atrophy, (5) gall- 
bladder disease, (6) chronic colitis, (7) hypothyroidism, (8) heart 
disease, (9) eclampsia, (10) pellagra, (11) beriberi, (12) dilatation 
of the stomach—hypoacidity due to regurgitation—and (13) 
fevers. If the diet is free from chlorides, gastric secretion is 
completely inhibited, as the body’s store of chlorides is sufficiently 
depleted. Frouin observed that a chloride-free diet for eight 
days completely inhibited gastric secretion in dogs. According 
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to Wiener, a high chlorine content (0.34 to 0.58 per cent.) with 
low acidity differentiates malignant disease from simple achylia. 
Ylppé found that fever may decrease gastric acidity in infants. 

The hydrochloric acid of the stomach contents may be ti- 
trated, using an indicator that changes color at a relatively high 
hydrogen-ion concentration. Methyl violet, which goes through 
a series of color changes, may be used. There are a number 
_ of old-fashioned indicators which would not be selected nowadays. 
Perhaps the most convenient indicator is brom-phenol-blue. A 
measured quantity of the gastric contents is colored pale yellow 
with this indicator, and standard NaOH solution is run in_ until 
the color changes. The exact shade of the color is difficult to 
describe because it depends upon the color of the source of light. 
It is bluish in daylight and reddish in artificial light. 

Various methods have been devised for determining the so- 
called combined hydrochloric acid. If hydrochloric acid is added 
to food the proteins combine with some of it. Ege advocates 
the titration of the acidity to the reaction of the test-meal, but 
he is in error in supposing that this determines the total acid 
secreted, because some of it is neutralized by the saliva, and 
duodenal regurgitation may take place. Unless the pylorus and 
cardia are tied off, it is impossible to determine by titration the 
total amount of acid secreted. Therefore it seems wasteful of 
time to determine what is called the total acidity when it is im- 
possible to interpret the results in chemical terms. 

The digestion in the stomach depends on the hydrogen ion 
concentration and not on the total acid secreted. It is therefore 
instructive to determine the hydrogen-ion concentration. This 
may be very easily determined as indicated above (Chapter IV) 
by the use of a Duboscq colorimeter and quinaldine red. 

The acidity of the infant’s stomach contents is variable. 
According to Mariott and Davidson, at the height of digestion 
the pH averages 3.75. 

The acidity of the stomach kills some bacteria. It is pointed 
out by Demuth that at a pH of 4.5 Bacillus coli is still found in 
the stomach of healthy children, but according to Mariott at 
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a pH of 4 there is almost complete inhibition of the colon typhoid 


group. 
The Duodenum.—Van Helmont in 1648 observed that the 
acid chyle on passing into the duodenum loses its acid taste and 
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Fig. 18.—a-Ray plate showing rubber tube passed 7 feet from the mouth 
down into the small intestine of a man. Above the hip bone on the right- 
hand side of the figure (left-hand side of the subject) the white oval represents 
a 6-g. iron weight that was tied on by catgut to hasten the descent, but is 
now released by the digestion of the catgut. 


acquires a salty taste. This is due to the neutralization of hy- 
drochloric acid by means of sodium bicarbonate secreted by the 
pancreas and intestinal glands. It seems possible that a thin 
layer of fluid on the inner surface of the intestine may be alkaline, 
but the contents of the duodenum are usually acid, though not 
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sufficiently so to taste acid. It was shown by Long and Fenger 
that the duodenum may vary from very acid to slightly alkaline 
(pH 2.27—7.8). It has been shown by means of a-rays that 
the stomach contents spurt out into the duodenum periodically, 
therefore we cannot expect a uniform reaction. Hume, Denis, 
Silverman and Irwin obtained values of 5.9 to 8.23. 

Tleum and Jejunum.—In 1891 Macfadyen and his collabo- 
rators studied for six months the outflow from a fistula in the 
lower part of the ileum of a patient. They found the reaction 
of the ileum and cecum always slightly acid, and more acid the 
greater the sugar content. McClendon and his collaborators 
showed by means of tubes passed 2 meters from the mouth into 
the ileum that the further down they passed, the less the acidity 
(Fig. 18). The pH of the lower part of the duodenum varied 
from 4.5 to 5.1. In the ileum it varied from 5.9 to 6.5. Okeda 
observed pH values ranging from 4.8 to 7.9. 

The pH of the duodenum of the infant was observed by Mc- 
Clendon and his collaborators to be very variable, the usual value 
being about 3. 

In the absorption of fats intestinal juice may play an important 
role. Fats are usually considered as being absorbed in the form 
of glycerol and fatty acids, the latter in solution in bile or as soap. 
Soaps cannot exist in the reaction of the normal human intestine 
during digestion. It is possible that they may be formed in a 
thin layer next to the intestinal wall. 

The small intestine of the herbivora is very long, and the 
acidity of the contents decreases from the stomach on down, and 
usually turns alkaline possibly because of ammonia formation. 
It is acid, however, in the suckling of herbivora. It was shown 
by McClendon and his collaborators that a high sugar diet changed 
the reaction of the intestinal contents of adult rabbits from 
alkaline to acid and increased the acidity of the intestine of car- 
nivora. 

There is no hydrochloric acid present in the ileum or jejunum. 
The number of weak acids may be very large. It was shown 
by McClendon and Sharp that the ordinary foods are acid, milk 
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being the only one that approaches neutrality. The hydrolysate 
of the animal proteins is acid due to the amino-acids. Various 
organic acids may be present in the foods and lactic acid, and 
perhaps formic and acetic acids may be formed in the intestine. 

Large Intestine —Although the contents of the cecum may 
be slightly acid, the acidity is probably reduced on the way along 
the large intestine because of ammonia formation, so that the 
adult feces may be slightly alkaline. According to Robinson, 
the pH of the feces is from 7 to 7.5. In diarrhea they may become 
acid. The pH of the feces of breast-fed infants who are growing 
rapidly varies from 5 to 6 according to Hainiss. He attributes 
the health of the infant to the reaction favorable for the growth 
of Bacillus bifidus. 


BACTERIA AND THEIR pH RANGE 


Organism. Acid inh. (pH),  Alk.inh. (pH). Opt. pH. Final pH. 
YEASTS: 
Bakersanyeastene serene 3 
Brewersey.casuanm Geerieneer 4-6 
Mortlapyeas tener eierae ei 2.5-6 
FUNGUS: 
Imochijtun cusaeeseerenee 3.1 
Sclerotinia apothecia....... 1.4 7-9 2.5 
BACTERIA: 
B.diphtherises. 2s. Or8-6 8.3 150 
oan |S DOrSeamewed 6 a6 a 
emp onleh human.... 4.47.4 
DS ty DLOSUS IER eee a= Oe 7.6-8.6 6-7 
Bs coli: een nae ee ee ee aed 7.8 7-6.5 5 
B. paratyphosus A......... 4.5 7.8 6.7 
B. paratyphosus B......... 4.5 8.0 6.8 
BSsuipestilersa ss scvee a OO 8.2 7.3 
By pyotyaheusuc 44. oli .oh0.0 8.0 6.9 
B. proteus vulgaris......... 4.4 8.4 6.5 
iB aprodiciosics. ar ere 5 8 6.5 
Bispricholerts scree see ee 7.9 tee 
IBScinnavarensannece a eee 5 7.8 6.5 
Pneumococcus..........-. ih 8.3 7.8 5-5 .6 
MMR TORUS, ooo as aco ae 4.5 
Strep. liquefaciens......... Hn 8 6.6 
Strep. hemolyticus......... 4.8-5.4 
Staphylococcus............ 2-5.6 8.1-10 5.7-7.4 
GOnococGucheer erie ner ees 6 7.8 7-7.6 ee 


BSUlotiliGnc cer racsete sien eee: 
BYanthraciseasesneee. 
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Organism. Acid inh, (pH).  Alk. inh. (pH). Opt. pH. Final pH. 
Beantnracoides: 9-7.) ae a 
Loe TOMES oo eek oee gee ecen (Oo 7.6 7 
Be CSbls ween e ney ot eG no) 6.8 
B. sporogenes 
B. histolyticus 
B. canadiensis 5.8 8.5 6.8 
B. putrificiens 
B. perfringens 
De tetanih ya Se sme eit abe Bie 8.3 dee 
iBAbiiCiete sane eee su eo 34 
Demmarreans ren se oe 5 6.8 
BaCasere etn) ke hepa 18 4 “oil 3 
ITED laChiseest a okies she, Sedas4 7.9 4 
Strep. lactis from pressed 
VERS Me ee ok eto ae he Seen ® 4.4 


It has been stated that bacteria may adapt themselves to 
changes of hydrogen-ion concentration, but the adaptation seems 
to be very slight. For instance, with the diphtheria bacillus 
pH 7 has been given as the optimum, but strains with optima 
from 7.2 to 7.6 are found, and at least one strain has been able 
to develop in a zone from 5.8 (acid inhibition) to 8.4 (alkaline 
inhibition) at 37°. After growing for some time in a more acid 
medium than the optimum, the region of most rapid growth 
was shoved slightly to the acid side. 

The pH may affect slightly the metabolism of the bacillus, 
as was shown in some experiments with Bacillus typhosus. In 
certain other experiments the bacilli themselves produced the 
change in pH which was started at 7.4 with 1 per cent. dextrose. 
Strains giving the more acid final reaction used less dextrose than 
the others. Also, in cultures at or near the optimum reaction, 
the bacilli produce more CO, than they do far away. 

The effect of the H-ion concentration on the life of the bacillus 
varies also with temperature, and it has been found in processing 
canned foods that the more acid the food the lower the temperature 
necessary for sterilization, proving, of course, that the food is 
more acid than the optimum for the bacillus. Since all foods are 
on the acid side of neutrality, it is easy to get them more acid 
than the optimum of different types of bacilli. 

Sterilization with sublimate is favored by acidity. For instance, 
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sterilization by sublimate at a concentration of 1 to 100,000 to 
600,000 goes on very well at a pH of 5 to 6.6, but not nearly so 
well at a pH of 7.8 to 10.1. It is possible that the alkaline solu- 
tion causes a hydrolysis of the sublimate. 

If the bacilli die they may or may not dissolve. The dis- 
solution of the pneumococcus is most marked at a pH range of 
5to7. This dissolution is probably due to an enzyme in the bacilli 
themselves that has its optimum range at this pH. Now it is 
found, for instance, that the hemolysis of sheep corpuscles is 
inhibited by high acid or alkali, but occurs at the rather wide pH 
range of 5.45 to 9.3. 

The specific precipitation of a protein (egg-albumin for 
instance) by immune rabbit serum occurs between pH of 4.5 
to 9.5; outside of this range the precipitate either does not form, 
or if it does form it will redissolve. Bacteria are agglutinated 
by immune serum, and the medium in which the reaction occurs 
increases in alkalinity. This change in alkalinity may affect 
the relations between the bacteria and the antibody. For instance, 
the washing off of the antibody from bacteria is affected by the 
pH. In the case of Bacillus typhosus removal is more complete 
at a pH of 3 than at a pH of 7. 

The pH affects the toxins produced by bacilli; for instance, 
the diphtheria bacillus does not seem to produce any toxin at 
a pH greater than 8.6. 

The activity of the toxin of the diphtheria bacillus is less 
when the pH is below 6.8. Alkalinity and acidity are both un- 
favorable to the preservation of the toxin. 

To sum up the main points: The effect of pH on bacteria 
varies, and the optimum for the growth of a species is at a very 
definite and often very-narrow range. One significance of this 
for the life of an ordinary person is that in the intestine where 
there is a mixed culture the dominance is affected by the pH. 
Since the dominance is also affected by the substrate or food sub- 
stances, such as sugars, in solution it is sometimes difficult to dis- 
sociate these two effects. For instance, the main groups of bac- 


teria are the fermentative and the putrefactive groups. The | 
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former are always found in predominance in the more acid media, 
and the latter in the more alkaline. By feeding herbivorous 
animals and also carnivorous animals large amounts of lactose 
it was found by McClendon and collaborators that the pH of 
the intestine was decreased (acidity increased). 

Numerous investigators have found that under those conditions 
the fermentative bacteria, such as Bacillus bifidus and B. acid- 
ophilus, are in predominance. With a higher pH the putre- 
factive bacteria may possibly be in predominance. Thus it 
seems that the bacterial contents of the intestines may change 
as the result of a change in pH which the bacteria themselves 
have brought about—in this specific case by the fermentation 
of lactose. 

HYDROGEN-ION CONCENTRATION OF SOILS 

Soils are the home of protozoa, bacilli, fungi, and the roots 
of the higher plants. It is chiefly in regard to the last that the 
pH of soils has been studied. Many plants grow in either acid 
or alkaline soils. Certain higher plants, such as the grasses, can 
exist in acid soils, whereas many of the plants, such as alfalfa, 
are favored by neutral or slightly alkaline ones. 

Plants requiring a high pH (neutral or alkaline soil) have a 
high lime requirement, and vice versa. Of the legumes, sweet 
clover has the highest lime requirement and the blue lupine the 
lowest. Of the cereals, barley has the highest lime requirement, 
corn and spring wheat medium, and the rest are low. Grasses 
are medium or low. Cabbage, onion, lettuce, cauliflower, spinach, 
sugar-beet, celery, tobacco, and mulberry trees have very high 
lime requirements. Cranberries, blueberries, and pine trees have 
very low lime requirements. 

In the black peaty soils the pH may be around 3.5 to 6.5, 
and in the calcareous soils the pH may be around 6.5 to 9. High 
acidity may be due partly to the oxidation of sulphur derived 
from pyrites present. The alkalinity of well-drained soil is usually 
due to CaCO; or Ca(HCO;)s, but many of the western soils in 
this country that are not well drained, that is, in desert regions 
where the water merely evaporates from the surface, have an 
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alkalinity due chiefly to NayCO; and MgCO;. The bases (car- 
bonates) increase with increasing depth, the organic matter 
decreases. Hence, in most soils there may be greater acidity 
on the surface. In some very wet peat the acidity may decrease 
toward the surface because of loss of CO. at the surface. Ar- 
rhenius found that the Egyptian soils are all on the alkaline side 
of neutrality, pH 7 to 11, those yielding good crops having a pH 
of 7.5 to 8.5. The bad alkali soils producing no crops have a 
pH greater than 9. It seems possible that these values have not 
been corrected for the salt effect on the indicator. 

Seedlings of wheat, corn, and soy beans are found not to grow 
in pH less than 3. Maximum growth of wheat seedlings occurs 
at a pH of 6.5; of corn, at a pH of 5. A pH greater than 6 may 
give chlorosis due to the insolubility of iron. This condition could 
be prevented by the addition of acid to neutralize the solution. 

Since foods are acid, we should expect them to affect the pH 
of the medium. Similarly, if seeds, particularly the seedlings of 
grain, are placed in distilled water, the acidity of the water is 
markedly increased. The acidity may be higher in contact with 
rootlets than elsewhere, and thus effect absorption of iron from 
alkaline soils. 

Many colored plants except the green plants possess sap that, 
when squeezed out, can be used as an acid-alkali indicator; but 
a change in the color of aérial parts of plants does not always 
mean the same change on the inside that occurs at the roots. 
In the case of hydrangeas addition of substances that will pro- 
duce acidity to soil gives a distinctly blue color, as, for instance, 
ammonium alum or iron sulphate. Where the ammonia is used 
up and alumina precipitated, the sulphuric acid gives acidity 
to the soil. The alum, however, may be toxic. 

The buffer value of the soil as well as its pH is of considerable 
importance. Humus increases the buffer value because it con- 
tains acid substances. Probably it acts as a colloid or protective 
colloid or as a peptizing agent, and increases the colloid dis- 
persion of the soil. The soils of the rice fields in Java did not 
show a relation of fertility to the pH values, but the greater the 
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buffer action, the greater the fertility. Since acids are produced 
by the plants themselves the buffer action becomes of importance. 
Lime is added to increase the pH of soils. Certain acid soils 
of Oregon respond to lime treatment, others do not. Those that 
do respond to lime treatment show an increased production of 
nitrate through the action of bacteria. 

The acidity of the soil may reach such a value as to have an 
inhibitory effect on certain pathologic organisms, for instance, 
the organism of wheat scab, whose growth is inhibited by pH 
of 6 or less, and potato scab, whose growth is inhibited by a pH 
of 4.5 to 5.1. 

Other organisms besides bacteria and higher plants are af- 
fected by soil acidity. At pH of 4.8 there are very few Hyatinias 
(snails), whereas at pH of 7 they are numerous; at pH of 8 certain 
species are killed out, and others, such as Helicella caperata, are 
more abundant. Upland peat has a pH of 4.6, and rough pas- 
tures, a pH of 5.4, in some French experiments. Now the liming 
of these soils would produce a reaction more favorable to the 
snails. The interest from a medical standpoint is that these 
snails are the hosts of one generation of the liver-fluke, so that 
the liming of the fields may produce an increase of the liver- 
flukes in the human population. 

As the soil is a colloidal aggregate containing many colloids, 
the reactions of acidity and basicity are not so simple as they 
are in true solutions. 

Since the soil consists only to a small extent of soil solution, 
and to a much larger extent of substances not in solution, the 
effect of pH on the solubility of these substances has a great 
effect on the composition of soil solution. Aluminum is present 
in all soils, but is insoluble over a broad range of pH on each 
side of neutrality. It is soluble as the cation, Altt*, at pH 4 
and less (greater acidity) and soluble in high alkalinity as the 
aluminate anion; 50,000 acres of acid soil in Indiana cannot 
grow corn unless the aluminum ion is precipitated by phos- 
phate (as aluminum phosphate) or by lime (as aluminum hy- 
droxide). 

14 
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Iron in appreciable concentration as ferric or ferrous salts 
is very toxic. It is precipitated in acid solution as the phosphate 
and in alkaline solution as the hydroxide. It is apparently suffi- 
ciently soluble. to meet the needs of the plant in all except al- 
kaline soils. Lack of iron may be one of the causes of failure of 
chlorophyll to develop (chlorosis of plants). It is possible that 
the root hairs of some plants may secrete acid and thus absorb 
iron from alkaline soils. Lack of Mg (sand drown in New Jersey) 
may cause chlorosis. 

The addition of soluble phosphate to soils not only may serve 
to supply the needs of the plants for phosphorus, but may act 
beneficially by precipitating calcium, magnesium, barium, al- 
uminum, iron, manganese, copper, and some other heavy metals 
that might be present in deleterious concentrations in the soil 
solution. 

Soil contains certain acids, aluminum oxide (Al],Os), silica 
(SiO,), and kaolinite (AlOs.2Si02.2H2O) which acts as an acid 
and is an ingredient of clay. Soil also contains so-called humus 
which is really a mixture of the products of protein and carbo- 
hydrate decomposition in the soil. Humus may include amino- 
acids and is a much stronger acid than silica or aluminum sili- 
cate. Now humus is oxidized by the oxygen of the air, hence 
oxygen has to be kept out in order to keep the humus in. Water 
tends to keep oxygen out of the soil, as when soil is swampy. 
Since oxygen can diffuse through air much faster than through 
water, oxygen is prevented from entering swampy soils, whereas 
if there are air channels, oxygen can go down more rapidly. In 
the case of rain-soaked soil the water percolates down and draws 
fresh (oxygenated) air after it. In that way we get oxygen in 
soils that are not swampy, and yet are watered. In swamps or 
bogs the oxygen disappears at certain depths. 

How can these silicates act as acids when they are insoluble? 
They cannot do so directly, but in cases where there are neutral 
salts present the cation combines with the silicate, leaving the 
acid radical free. For instance, with KCl the K jon combines 
with the silica or silicate, leaving the Cl ion, which in turn has 
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to be accompanied by some ion like that of hydrogen which is 
displaced from the colloid by K*. For instance, you could as- 
sume the silica to be in the form of H.SiO;, which is, of course, 
Si0,.H20. The H,O may not be combined at the start, but it 
may enter into the reaction, so that you could have SiO, + H.O 
+ 2K* = K,SiO, + 2H*. The oxygen of the hydrate water 
has entered into the formation of K,SiO; and the hydrogen has 
taken on a positive charge (or rather lost its electron to the oxy- 
gen) and been given off as a hydrogen ion. 

There is uncertainty as to whether these are stoichiometric 
chemical reactions or whether this is a case of adsorption. The 
end-result is the same. A large sand grain acquires a layer of 
K ions on its surface, so it is immaterial whether they are said to 
be adsorbed or held by chemical union. In either case a K ion 
replaces an H ion—in terms of adsorption, on the surface of the 
particle—so that you get HCl in solution where before you had 
KCl. With aluminum silicate the formation might be a little 
more complicated, but the same principle is involved. In fact 
the aluminum silicate probably has more to do with the acidity 
of the soil than the silica. Silica tends to exist in large particles 
(sand). Aluminum silicate tends to break up into Al,O; and SiOx, 
which is more finely divided and reactive the more recently it 
has been formed. Aluminum silicate becomes rather strongly 
hydrated. Water is removed with difficulty and leaves the sili- 
cate inactive. For instance, fuller’s earth, formerly used for 
washing clothes when soap was rather expensive, removed the 
dirt by adsorption. The ingredient of fuller’s earth that occurs 
in soil is hydrated aluminum silicate, and this is a good adsorp- 
tion reagent. Fuller’s earth is mined nowadays and is used for 
decolorizing solutions. A number of workers, one of whom was 
Lloyd, found that certain fuller’s earths were better than others. 
Lloyd picked out the good ones and called them Lloyd’s reagent. 
Apparently their activity depends on the fineness of division and 
the degree of hydration. Fuller’s earth will adsorb various sub- 
stances, such as alkaloids, that being the way to obtain pure alka- 
loids—i. e., by adsorbing on fuller’s earth and dissolving off. ‘The 
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adsorbed alkaloid may be taken internally and is absorbed more 
slowly and is devoid of bitter taste. Purified vitamin B is ob- 
tained in the same manner by adsorbing it on fuller’s earth in 
acid solution and washing off in alkaline solution. 

The humus occurs partly as a colloid and partly in true solu- 
tion as a rather weak acid, though much stronger than SiQs. 
It is found that if soil is treated with KCl solution and filtered 
an acidity of the filtrate greater than that of the soil solution is 
obtained, as shown either by titration or by the hydrogen elec- 
trode method. This indicates an ionic exchange of K* for H* 
from the soil (as discussed above). Other ions also are exchanged 
for H* and for one another. If KCl solution is mixed with the 
soil about 0.1 to 1.3 per cent. of the weight of the soil in the form 
of calcium may go into solution. This action is not purely an 
ionic exchange. If it were, the electric charge on the soil par- 
ticles would remain the same. The electric charge of finely 
divided silica is negative in certain solutions near the neutral 
point, and the negative charge is increased 50 per cent. by adding 
KCI to the solution, indicating that more Cl” is adsorbed than 
K*. Now if sodium acetate is added instead, the negativity is 
increased 100 per cent., which would show that the hydroxyl 
ions resulting from hydrolysis of the alkaline salt are adsorbed. 
The ionic exchange differs with the electrolyte added. For in- 
stance, KCl displaces more Ca ions from the soil particles than 
does K:SO., but the K.SO, displaces more H ions. CaCl, ex- 
changes Ca ions for H ions. 

There is another influence of the hydrogen-ion concentration 
of the soil, and that is on its granulation or flocculation. There 
is a relation between the pH and the power of the soil to hold 
water, a power probably depending on the iso-electric point of 
the soil colloids. At the iso-electric point they have the lowest 
or zero electric. charge, and hold a minimum amount of water, 
whereas on the two sides of the iso-electric point the water- 
holding capacity is increased. A good many soils are rendered 
untillable on account of this tenacity for water. For instance, the 
black waxy soils of Texas are very sticky or deflocculated, as 
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are the adobe soils of many western States. Now many soils 
get too sticky to plow. That is true also of subsoil that has 
gotten into a state known as hard-pan, a condition in which it 
held water, but finally dried into a hard cake. When it dries out 
it is like a rock and water put on it does not penetrate easily. 
A chemical means has been used to loosen up these soils (which 
apparently are all on the alkaline side of neutrality). They may 
be brought nearer the iso-electric point of the colloids by addition 
of acid or green manure or stable manure. The effect of these 
is only temporary, however. Or again, sulphur may be added 
and the bacteria will oxidize it to sulphuric acid. Still another 
way is to put in an acid salt like alum which will hydrolyze to 
Al,O;, which precipitates, and sulphuric acid which neutralizes 
the soil acidity, or add ammonium sulphate, and the plants will 
absorb the ammonia leaving the sulphuric acid in the soil. By 
addition of acid in any of these ways these soils can be made 
less tenacious, though in some cases it takes a very large quan- 
tity of acid. Too much acid will make them sticky again when 
the acid side of the iso-electric point is reached. The stickiness 
is reduced by CaSOy. Probably the Ca‘* flocculates the nega- 
tive colloids. Al*** is even more effective in breaking up the 
colloid gel (Coville). 

The reaction of the soil has an influence on the bacteria in- 
habiting it. The more important ones are the nitrifiers, those 
that produce nitrate or nitrite. 


THE HYDROGEN-ION CONCENTRATION OF NATURAL WATERS 


Of course, the water of the soil is “natural water,” but as 
it is so intimately connected with the soil we considered it sep- 
arately. The pH of bog water, or pools in bogs, may be as low 
as 5. The pH of running streams may reach 8.3. The pH of 
the Seine shows a daily rhythm of 7.2 to 9.5. The pH of ordinary 
drinking-waters runs from 6.8 to 8. This latter reaction is favor- 
able for the existences of the bacteria of typhoid fever and cholera. 
Fish are sensitive to hydrogen-ion concentration, different species 
having different ranges of sensitivity. For instance, Lepomis 
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Fig. 19.—Relation of logarithm of the CO: pressure to the logarithm of 
the hydrogen-ion concentration in sea-water at 0°, 10°, 20°, and 30°, plotted 
on logarithmic paper. 


humilis has a range of 6.6 to 7.7; Votropis cornutus has a range 
of 7.3 to 8.5. Asa rule fish avoid acid regions. 


A considerable number of studies have been made on the 


Partial pressure of COz.in ten thousandths of a standard atmosphere 
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hydrogen-ion concentration of sea-water by Sérensen, Palitzsch, 
and others. Their contributions have been too numerous for 
detailed consideration. 

Sea-water, like blood-plasma, contains a mixture of carbonates 
and bicarbonates. When such a solution is in contact with an 
atmosphere containing CO, the relation of hydrogen-ion con- 
centration, bicarbonate concentration, and CO, pressure is shown 
in the accompanying chart (Fig. 19). 

Sea-water of the open ocean contains, as a rule, carbonates of 
normality 0.0024. Dilution with distilled water decreases this 
value, and concentration by evaporation increases it. The pH of 
the open sea is almost constant. 

Charts made at different stations from San Francisco to 
Samoa gave a pH of 8.2 to 8.25. The pH of the deep ocean water 
from the Bahamas to Nova Scotia was found to vary from 8 
to 8.25. In shallow water, or partly diluted water, the values 
for the pH are lower. The accompanying table shows the pH 
for various hours of the day for a certain station in shallow water 
in the Gulf of Mexico (Tortugas, Fla.). The variation is due to 
the fact that if the water is so shallow that light can penetrate 
to the bottom, there occurs a marked diurnal variation because 
of the action of light on the sea-weed attached to the bottom, 
- decomposing the COs, the pH rising during the day to a maxi- 
mum around 3 p. m., and falling during the night with a minimum 
around 6 4. m. In the deep oceans floating plants cause smaller 
diurnal variations, amounting to a pH of about 0.01. Figure 20 
shows the pH of the Gulf Stream on a trip north. The black 
lines represent the passage during the nights. North of Cape 
Hatteras the route did not follow the Gulf Stream. 

Palitzsch found that the pH was greater at the surface than 
in deeper waters. Atkins found that in certain tide pools with 
plants in the sunlight you might get a pH of 9.4. This killed 
Caranium when the water was 27° in two and one-half hours, 
showing that you can have an alkalinity toxic to plants. The 
interior of the plants, according to Atkins, was nearly neutral 
with a pH of 6.6 to 7.3. Of course, this would involve the crush-, 
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ing of the plant in taking samples. Gail found the range for 
Fucus to be between pH 7.2 and 8.4. Ulva had a wider range. 


Fig. 20.—The pH of the surface of the ocean determined during a trip 
north from the Florida Keys to New York. The black lines represent the 
passage of the vessel between 6 Pp. M. and 6 A.M. It may be noted that off the 
lower Florida coast in the early morning the pH in the Gulf Stream was 8.21, 
and in the late afternoon it was 8.22, this increase being due to a photo- 
synthetic action of floating sea-weed. Above Cape Hatteras the path of the 
vessel is far removed from the Gulf Stream and the water is much diluted 
with river water. 


The chart given above shows variations of pH with tempera- 
ture. Cold water, at equilibrium with air (that would give a 
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a blanket to hold the CO, within the sea. If they were not there 
the pH at the surface would be the same as at great depths, 
and some CO, would diffuse into the air to give a new COQ, value 
to the atmosphere. The shallow water and the diluted water 
near shore undergo great changes in pH. Cameron found that 
the straits of Georgia and the regions adjacent to the Frazier 
River in British Columbia change greatly in pH with the seasons 
of the year. The summer water was much more alkaline than the 
water of other seasons. Legendre observed an even greater 
variation of pH. Gaarder made a map of the variations in Nor- 
wegian waters. 


HYDROGEN-ION CONCENTRATION OF THE URINE 


Urines are of two types in regard to hydrogen-ion concentra- 
tion: first, phosphate solutions, mixtures of mono- and dibasic 
phosphates, which occur on typical carnivorous diets, and second, 
carbonate solutions, which occur on typical herbivorous diets. 
Both phosphates and carbonates are strong buffers. It is very 
fortunate that phosphates do not occur in appreciable amounts 
in alkaline urines, otherwise the passages of the urinary apparatus 
would become clogged with insoluble phosphates. Mammals, 
of course, might have evolved a secretion of solid urine, just as 
have birds (which excrete uric acid crystals with a little fluid 
between). But in birds a fluid urine is secreted and the water is 
reabsorbed. Ordinarily we think of the supersaturation of any 
solute in the urine as presenting favorable conditions for urinary 
calculi. 

If the ash of the diet that is burned in the body is acid the 
phosphoric acid is excreted largely in the urine; but if the ash 
of the diet that is burned in the body is alkaline the phosphoric 
acid is largely excreted in the intestine as Ca or Mg phosphate. 

It is possible to titrate the phosphates in the urine. . Acid, 
to the turning-point of methyl orange or brom-phenol-blue, must 
be added to reduce the phosphate to the monobasic phosphate. 
It may then be titrated with alkali to the turning-point of phe- 
nolphthalein, in which case the phosphates change to the dibasic 
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phosphates. The number of gram equivalents of alkali equals 
the number of gram molecules of phosphoric acid. There is one 
disturbing factor, however, which robs this titration of a quan- 
titative value, that is, the presence of ammonia. Since the greater 
the acidity of the urine, the greater the ammonia content, am- 
monia would have to be eliminated before titration could be carried 
out. Other weak electrolytes, like beta-hydroxybutyric acid, 
have the same disturbing effect. 

We might say that ordinarily in human urine the pH varies 
from 5.6 to 7.4. During fasting it is at the acid limit with a pH 
of 5+ because the diet is really the body proteins, liberating phos- 
phoric acid on combustion. The foods that have an acid ash when 
burned in the body are the animal foods and cereals. Other foods 
(including milk and all plant foods except some seeds) have an 
alkaline ash. 

There are various other factors that influence the hydrogen- 
ion concentration of the urine. For instance, a sweat bath in- 
creases the acidity of the urine. Of course, the urine should be 
taken without loss of CO:. As one can readily see, the COs is 
present in large amounts only when the urine is alkaline or neutral. 

Bacteria in the urine may change the pH. In the absence of 
sugar Bacillus coli does not produce acid, and the final pH is 
about 8. It is possible to have urine so acid as to allow no growth 
of bacteria. Bacillus coli is inhibited from growth in urine of 
pH 4.6 to 6.5 on the acid side and 9.2 to 9.6 on the alkaline side. 
The typhoid bacillus has narrow limits. 

After increased gastric secretion, as when a large meal is 
undergoing digestion in the stomach, there is an increase of the 
bicarbonate of the blood, which, in turn, results in a decrease 
in the acidity of the urine. While the pancreatic juice is being 
secreted in large amounts it is probable that the reverse effect 
occurs. 
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CHAPTER XI 


IONIC EQUILIBRIA IN BLOOD 


Tue blood-plasma and serum are nearly the same in respect to 
ion concentration, and hence data on both may be considered 
simultaneously, and adult human blood is referred to unless 
otherwise stated. Perhaps the ion in the serum whose variations 
have been most studied is the Ca ion. The data, however, usually 
refer to the total Ca of the serum, and Von Meysenbug has shown 
that only 60 to 70 per cent. of it is diffusible, whereas Neuhausen 
and Marshall found only 20 per cent. ionized. In the micro- 
method Ca is precipitated as oxalate and titrated with perman- 
ganate. Perhaps not quite all of it is precipitated. The washing 
is never perfect and undoubtedly some protein remains and is 
titrated as Ca. Perhaps these two errors balance each other, as 
Clark asserts that the same values are obtained as with the ashing 
method on larger samples. The average values are about 10 
milligrams of Ca per 100 cc. of serum, Mazzocco finding 9.2, 
Billigheimer 9.3, Briggs 9.6, Halverson, Mohler, and Bergeim 
10.2, and Groves and Vines 10.5. In the rat Kramer and How- 
land found 10, and Goto found 8 in the rabbit, whereas Green- 
wald found more than 15 in the dog. In the parturient mother 
Bogert and Plass found 9.1, and Mazzocco 8.8. In the infant 
Jones and Nye found 12.3, and Mayer 11. In children Denis 
and Talbot as well as Jones and Nye found 10, Steethman and 
Arntzenius 12.5. Bogert and Plass found 9.1 in maternal and 10.9 
in fetal serum. The value may be greatly reduced in rickets, 
tetany, epilepsy, and chorea. 

Richter-Quittner state that there is no Ca in the erythrocytes 
of man, ox, cat, dog, horse, or rabbit under normal conditions, 
a conclusion supported by the classical analyses of Abderhalden, 


but disputed by some investigators. Since the blood contains 
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60 to 70 per cent. by volume of plasma we should expect it to 
contain about 6 to 7 milligrams of Ca per 100 ce. The values 
found are from 6 to 9 milligrams, indicating that the corpuscles 
may contain Ca. 

The corpuscles of the ox and sheep contain about 1 milligram 
Mg per 100 grams, and other animals larger amounts, and the 
serum of various mammals, including man, about 2.5 milligrams 
according to Abderhalden and Briggs, whereas Bogert and Plass 
found 2 in maternal and fetal serum. 

Since phosphoric acid exists in a non-dissociated condition 
in lecithin, nucleoprotein, and some other compounds, many at- 
tempts have been made to determine the inorganic P. The 
number of milligrams of inorganic P per 100 cc. of serum was 
found by Briggs as well as Eddy and Heft to average about 3, 
whereas Bloor found 2.8 for men and 3.5 for women. Bogert and 
Plass found about 4.5 in parturient women and 7 in the fetus. 
Denis observed retention in cases of cardiorenal disease, and the 
value may be increased to 15 shortly before death. Howland 
and Kramer observed 5.4 in normal infants and 1.9 in cases of 
rickets. Hess and Matzner observed a decrease in the inorganic 
P in the blood of infants during the late winter. 

The number of milligrams of Na per 100 ce. of serum is about 
300 according to Abderhalden, Briggs, and Greenwald for man 
and other mammals. Neuhausen and Marshall found only about 
200 in dogs. 

The Na content of the corpuscles is only about half that of 
the serum and may be even lower. 

The K content of the serum is about 32 mg. per 100 ce. in 
human blood according to Schmidt, but Briggs finds it only 20, 
and Abderhalden and Greenwald 20 in mammals. The K con- 
tent of erythrocytes varies from 60 to 600 mg. per 100 grams in 
different mammals according to the older analyses of Abder- 
halden. It is always very much higher than in the serum. 

The Cl content of the serum is about 360 mg. per 100 ce. 
according to Briggs, Smith, Whitehorn and Harding, and Mason, 
which corresponds to the older analyses of Schmidt, but in mam- 
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mals it varies from this figure to 400. Carlson, Greer, Luckhardt, 
and Becht found 396 in the serum and 426 in the lymph. Denis 
and Sisson raised it to 432 in serum by feeding NaCl. The Cl in 
the erythrocytes is only one-third to one-half as concentrated 
as in the serum, according to Abderhalden. 

Denis found the inorganic sulphate in normal human blood to 
average 0.0005 N. In uremia there was retention up to twenty 
times the normal value. There was retention for three hours 
after intravenous injection in normal dogs. It should be noted 
that phosphates and sulphates, which Denis found to be retained 
in uremia, pass through membranes more slowly than do chlorides. 

Ever since the time of the compensation dialysis experiments 
by Michaelis and Rona to determine the concentration of the 
diffusible constituents of the blood-plasma, many methods have 
been applied toward the solution of this problem, the results of 
some of which are given above. It was shown by McClendon 
that if plasma is forced through an ultrafilter the diffusible con- 
stituents pass into the filtrate, but that substances may be held 
back until the difference in the osmotic pressures on the two 
sides of the membrane equals the filtering pressure applied. If 
the filtering pressure is negligible, the concentration of the dif- 
fusible substances in the filtrate is nearly the same as in the original 
plasma. It was also pointed out that the cerebrospinal fluid is an 
ultrafiltrate of the blood when first formed, and that the inorganic 
substances are not likely to undergo great change in concentra- 
tion by contact with the walls within which the fluid is contained. 
Therefore the concentration of the inorganic constituents of the 
spinal fluid may be considered the same as the diffusible portion 
of these substances in the blood-plasma. The sodium, potas- 
sium, and chlorine of the plasma is to a very large percentage 
diffusible, but the Ca is only about 50 to 70 per cent. diffusible. 

The bicarbonate in serum may be titrated with the hydrogen 
electrode (Fig. 9, p. 96) without dilution, or with an indicator 
provided sufficient water is added to dilute the proteins so that 
- they do not make the indicator useless. Van Slyke used neutral 
red or phenol red as an indicator. In order to increase the sharp- 
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ness of the end point the serum may be diluted twenty times, an 
excess of standard acid added, and the CO, blown out with CO,- 
free air in the rotating flask (Fig. 21). The excess of acid may 
be titrated back with standard alkali. Since the proteins may 
bind base the titration figure (alkaline reserve) depends on the 


Fig. 21.—Apparatus for rotating a pyrex flask into which CO,-free air 
is blown for the removal of CO, from blood-plasma after the addition of an 
excess of standard acid. (From Journal of Biological Chemistry.) 


_ pH of the end point. If the end pH is about 7.35, the alkaline 
reserve in the healthy individual is about 0.03 XN. 

The concentration of Ca in Ringer-Locke’s solution is less than 
the total blood-plasma Ca, and 20 per cent. more than that of 
the diffusible plasma Ca. Tyrode reduced it somewhat in his per- 
fusion fluid. The K content of Ringer-Locke’s solution is about 

16 
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correct from this standpoint, being about the same as that of 
the plasma. 


PERCENTAGE CONCENTRATION OF DIFFUSIBLE SALTS 


NaCl. KCL. CaCl. MgCk. NaHCoOs. 
Ringer-Locke..... 0.9 0.042 0.024 0.02 
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Fig. 22.—Relation of the logarithm of the hydrogen-ion concentration 
to the logarithm of the CO, pressure in blood-plasma. Each curve is for a 
different alkaline reserve. The alkaline reserve is expressed in terms of a 
normal solution of bicarbonate. (McClendon in Abt’s Pediatrics, vol. i.) 


The Chart given in Fig. 22 is approximately correct for blood- 
plasma. The buffer in highest molal concentration in the blood 
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is bicarbonate. Later will be described a complicated reaction 
between the bicarbonate and other buffers in which, from the 
standpoint of the pH, the latter step in and exchange places with 
bicarbonate; but we may regard the curve as similar over certain 
distances to that of a bicarbonate solution. 

The CO, in the alveolar air determines the CO; pressure in 
the blood because there are about 90 square meters of surface 
in the lungs and only about 5 liters of blood in the body that is 
spread out and circulating, all of the blood passing to this surface 
and away every minute. 

The easiest way to experiment with changes of CO, tension 
is to etherize the animal and maintain artificial respiration. Then 
the CO, tension in the alveolar air may be reduced. Milroy 
studied that question, and found very rapid changes in the pH 
of the blood associated with the changes of CO. content in the 
alveolar air. Some of the students in this laboratory repeated 
the experiment and increased the pH of blood to 8.5 in pul- 
monary veins. The technic is very difficult because the heart 
stops beating and artificial circulation must be maintained to 
get high pH values in the arterial blood. This can be done out- 
side of the body. By blowing air containing varying amounts of 
CO, through the blood the CO, tension may be increased or 
decreased, or by adding acid or alkali the titration figure may be 
altered. 

Notwithstanding the possibility of varying the pH of the blood 
outside the body, its pH is remarkably constant inside the body 
because of two regulatory mechanisms. One is the kidney, which 
excretes more monobasic phosphate when the titratable alkalinity 
of the blood is reduced, and excretes carbonate when the titrat- 
able alkalinity in the blood is greatly increased. If there is not 
enough phosphate available for excretion when the titratable alka- 
linity of the blood falls, ammonium chloride is excreted, ammonia 
being manufactured for the purpose by some organ of the body, 
possibly the kidney. This mechanism stabilizes the titratable 
alkalinity, or, as it is called, the alkaline reserve. 

The respiratory center regulates the hydrogen-ion concen- 


244 PHYSICAL CHEMISTRY 


tration. That is to say, when hydrogen ions increase in number 
in the blood, the blood flowing through the respiratory center 
affects it in such a way that it becomes stimulated. The indi- 
vidual now breathes faster and blows CO: out of the blood, dimin- 
ishing the number of hydrogen ions. If the hydrogen ions be- 
come decreased too much, the respiratory center becomes in- 
activated and the individual ceases to breathe—as, for instance, 
when one blows very hard in building a fire, one finally loses the 
desire to breathe. It is only a generalization, saying that the 
hydrogen ions in the blood cause the respiratory center to be 
stimulated, for we do not know that the hydrogen ions in the 
blood-stream itself ever reach the sensitive portion of the res- 
piratory center. It is possible that the hydrogen ions in the blood 
prevent those in the respiratory center from diffusing out into 
the blood. If plenty of oxygen is being supplied to the respira- 
tory center by the blood, CO, is probably produced, and the hy- 
drogen ions in the center are due to the dissociation of carbonic 
acid. In the absence of oxygen, lactic acid is produced in muscle 
and in many other tissues, therefore probably in the respiratory 
center. Lactic acid is a much stronger acid than the carbonic 
acid, and hence might cause stimulation of the respiratory center. 
If the CO, tension of the blood is high, the outward diffusion of 
CO, from the respiratory center is delayed, regardless of the 
hydrogen-ion concentration of the blood. 

The respiratory center is affected by the oxygen tension of the 
blood going through it as well as by the CQ, tension, although 
under normal conditions the oxygen tension does not fall to the 
point where stimulation occurs. Under normal conditions the 
CO, tension is approximately constant. It depends upon two 
factors—hydrogen-ion concentration and alkaline reserve. The 
latter, as we have seen, is regulated by the kidney, and the former 
by the respiratory center. There is, then, within certain limits a 
quantitative relation between the hydrogen-ion concentration 
of the blood and the activity of the respiratory center. The 
accompanying chart (Fig. 22) shows that the logarithm of the 
H* concentration and also the pH (on the abscissa) are determined 
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by the logarithm of the CO» pressure (on the ordinate) and the 
logarithm of the alkaline reserve (on a hypothetical diagonal). 
How do the CO; pressure and alkaline reserve have anything to 
do with the hydrogen-ion concentration? This relation, developed 
by L. J. Henderson, may be expressed by the formula: 

[H*] x [HCO] 


[H.COs] ae 


since 
[H.COs] o¢ [CO] 
by using a different value of K we may write 
[H*] x [HCO>] 
[CO,] 


= Ki (1) 
therefore 


ee A 1 
Nebal 94 [ECAlSx (HCOs] 


This relation may be shown graphically using rectangular car- 

tesian co-ordinates. Since Kj, is a constant, it may be omitted 

from the graph, provided account be taken of it in substituting 

numerical values for the variables. The formula then becomes: 
1 


[H*] « [CO] x (HCO) (2) 


If [HCO; ] remains constant it may be omitted in the same way. 
If [H*] is represented on the abscissa or x axis and [CO.] on the 
ordinate or y axis, we obtain the curve (Fig. 23). 

We may modify the graph by using the logarithms of the 
above values. We obtain the curve (Fig. 24), assuming constant 
value for log [HCO]. 

Since with [H*] constant, log [HCO;] « log [CO.], values of 
log [HCO; ] may be measured on the proper diagonal from the 
co-ordinate origin. The complete graph is of the following form. 
(Fig. 25). 

In the graph shown in Fig. 22, p CO; is substituted for [CO]. 
This is justified by equation 5 below. [Log H”] is the negative 
of pH, and hence values of pH may be marked on the abscissa. 

From equation (1) we may derive the following: 


— log [H*] — log [HCO;-] + log [CO,] = — log Ai (3) 
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Substituting the expression pK, for — log K, and pH for — log 
[H*] in equation (3) we obtain: 


pH + log [CO,] = log [HCO;-] + p Ki 


(4) 
Although the mathematical relations were worked out by L. J. 
ae 
tell 
oe) 
YU, 


[H*] 


Fig. 23.—Relation of CO, concentration to hydrogen-ion concentration. 


Ye 


log [co 2 


log [H*] 


Fig. 24.—Relation of the logarithm of the CO2 concentration to the logarithm 
of the hydrogen-ion concentration. 


Henderson, Hasselbalch made a notable contribution to the ex- 
perimental method by certain substitutions. It follows from 
Henry’s law that the partial pressure p of CO; is proportional to 


IONIC EQUILIBRIA IN BLOOD 247 


ps) 


the concentration in solution. Fahr showed that the absorption 
coefficient of plasma for gas is 95 per cent. of that of water, and 
of corpuscles about 90 per cent. of that of water. 


pCO, oc [CO.] (5) 


It is also true that the concentration of HCO; in a bicarbonate 


solution is very nearly proportional to the bicarbonate concen- 
tration or alkaline reserve: 


[HCO;-] co [NaHCo,] 


log [c O 2| 


log |H*] 


Fig. 25.—Relation of the logarithm of the COs, concentration to the 
logarithm of the hydrogen-ion concentration. Each curve represents a 
different concentration of HCO; , and the position of these curves may be 
determined by measuring the logarithm of the concentration of HCO3” on 
the proper diagonal from the origin of the w and y axes. 


By using a different value of pK Hasselbalch obtained the follow- 
ing from equation (4): 


pH + log (pCO.) = log [NaHCO;] + p Kz (6) 


The experimental values for pK2 obtained by Hasselbalch were 
obtained from whole blood. MeClendon, Shedlov, and Thompson 
obtained results on serum that would give a value for pK» be- 
tween 6.05 and 6.2. Van Slyke later obtained 6.12. The units 
are, pCO; in mms. Hg, [NaHCO,] in millimols per liter. Pressure 
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of CO, may be written either in percentage of an atmosphere 
or in mm. Hg. The relation between the two is 


percentage of CO, in air 
100 


< 760 = mm. Hg. 


The pressure (tension) of CO, in blood may be determined by 
shaking the blood with air at 760 mm. atmospheric pressure and 
analyzing the air for CO:;. When the atmosphere above the blood 
is such that no diffusion of CO, occurs from the plasma or the 
corpuscles, the tension of CO: in the blood is said to equal its 
partial pressure in the air. 

By measuring this pressure the concentration of CO: in a 
bicarbonate solution is determined. The amount of CO, dissolved 
in such a solution cannot be determined directly, since only a 
part of it exists as CO... When CO, is dissolved in distilled water, 
however, conditions are less complex than in blood, since no 
bicarbonate is present to complicate the relations, and one would 
have only to determine the concentrations of COx, HCO; , and 
H.CO;—the last two formed as the result of hydration of the 
first. COy is present in largest amounts. [HCO; ] can be found 
in distilled water by determining the H-ion concentration since 
these two are equal, but this number is so small, about 107° N, 
that it might not appreciably change the value of total [CQ,]. 
The exact ratio of [CO] to [H2COs] is not known, but from theo- 
retic consideration carbonic acid is thought to be mostly in the 
form of CO.. The total can be written either in terms of CO, 
or H,CO;. Van Slyke expresses it as H:COs, but since the greater 
part is present as COs, it seems better to express it in that form. 
So from the value obtained with a solution of CQO, in distilled 
water, the ratio of CO, concentration to pressure can be obtained. 

When the CO, diffuses into the blood-plasma, however, it 
meets Nat and HCO; already present. It cannot react with either 
of these, for in order to satisfy electric neutrality there must be 
an approximately equal amount of Na* and HCO;-. Some CQ, 
would become hydrated and would dissociate into H* and HCO, , 
reducing the pH. For instance, the pH might be changed from 
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the normal value of 7.45 to a value of 7.43 or some similar differ- 
ence. In the meantime CO, has diffused into the corpuscle and 
dissociated into H* and HCO 7, so that at first the difference 
in reaction between the corpuscle and plasma would probably 
be negligible. The hydrogen-ion concentration increases in both 
cases. Other acids are present besides carbonic acid—for instance, 
protein acts as an acid and obeys the law of mass action. 

(ety & [Pre-] 


IH Prt] = Kap (7) 


Kap meaning the acid dissociation constant of the protein. When 
CO, diffuses into the corpuscle and the H™ increases, the protein 
ionization must decrease. Now we have another reaction—. e., 


[Na*] x [Prt7] 


kas 
[Na Pri] Nop w (8) 


Since [Prt~] decreases in equation (7), [Na*] must increase (Na Prt 
becoming H Prt). In brief, [Nat] and [HCO;7] have both in- 
creased and Nat + HCO;7 is our formula for sodium bicarbonate. 
To summarize: When CO, enters the plasma there is an increase 
of [Na‘] and [HCO; ], that is to say, sodium bicarbonate in the 
dissociated form. The hydrogen-ion concentration increases, the 
sodium bicarbonate increases, and all other reactions are inter- 
locked. The same process is happening inside of the corpuscle 
with hemoglobin substituted for the plasma proteins, since hemo- 
globin is, next to water, the chief constituent of the corpuscle. 


[Ht] x [Hb7] 


= K 
[HHb] aHb 


Hemoglobin forms a potassium salt. 


[K+] x [Hb7] 
[KHb] | 


= Kap 


When [H*] increases, [Hb~] decreases (KHb becoming HHb), 
and when [Hb ] decreases, [K*] increases. We have then an 
increase in both [K*] and [HCO,; ]. Thus more potassium bi- 
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carbonate is formed in the corpuscle. Therefore, when CO; dif- 
fuses into blood there is more bicarbonate formed in both the 
plasma and the corpuscle at the expense of the alkali protein. 
The corpuscle, besides being permeable to COs, is also per- 
meable to Cl”. This may be determined by direct analysis. We 
assume that the corpuscle is permeable to H*. The hydrogen 
ion, being the smallest and the most rapid, can probably go through 
any kind of membrane, such as that of the corpuscle. The buffer 
value of the corpuscle is greater than that of the plasma, there- 
fore, with the same amount of CO: added to the corpuscle and 
the plasma, there would be a tendency for hydrogen ions to diffuse 
from plasma to corpuscle on addition of CO;:. This diffusion 
would cause the electric charge of the corpuscle to become more 
positive with respect to that of the plasma. If the interior of the 
corpuscle is already more negative than that of the plasma it 
might just reduce that negativity. At any rate, an equilibrium 
would be established at the boundary. Since this equilibrium 
is one of diffusion, any further change from equilibrium would 
cause diffusion to compensate for the change. In other words, 
if for any cause hydrogen ions go in, other positive ions must 
come out, or negative ions enter. Of the ions that are freed, K* 
might theoretically satisfy the first condition, and Cl” might 
satisfy the second. The decision as to which moves has to be 
left to experiment and the experiment has been tried a great 
number of times. When CO, gas is bubbled through whole 
blood (or oxalated or defibrinated blood) and the blood analyzed, 
it is found that Cl has passed from the plasma into the corpuscle 
and K has not passed from the corpuscle into the plasma. The 
theoretic explanation of this is that the surface of the corpuscle 
is impermeable to K or Na ions, but is permeable to Cl ions. 
There are other factors on which this conclusion as to imper- 
meability to K and Na is based, one being that the concentra- 
tion of K is much greater in the cells than in the plasma, and 
the concentration of Na much greater in the plasma than in the 
cells. That same argument might be used to show that the sur- 
face is impermeable to Cl ions, since Cl ions under many conditions 
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are more concentrated in the plasma than in the corpuscle, but 
the above experiment shows that this cannot be true, because Cl 
ions can be made to pass between the plasma and the corpuscle. 
Since we cannot, however, cause K ions to come out, we assume 
that the surface is impermeable to K ions. 

There is one other possible explanation for the fact that there 
is an unequal distribution of the Na and K ions inside and out- 
side of the corpuscle. It is that the dissociated ions of each 
are really of the same concentration in each locality, but that Na 
unites more readily with plasma proteins and K with hemoglobin. 
Several facts, however, make this explanation improbable: first, 
the assumption that alkali-protein both inside and outside of the 
corpuscle obeys the law of mass action; second, the fact that no 
undissociable compounds of hemoglobin and Kk, on the one hand, 
and of serum albumin and Na, on the other, have been found; 
and third, the lack of evidence that hemoglobin has a selective 
affinity for K (rather than Na) or serum albumin for Na. 

It has been stated that on passing CQO, into blood, HCO;— 
passes from corpuscle to plasma, and causes more Cl ions to pass 
in the opposite direction. 

Oxyhemoglobin is a stronger acid than reduced hemoglobin, 
hence when oxygen diffuses into blood it tends to drive CO, out 
because it changes hemoglobin into a stronger acid which de- 
composes NaHCO; and thus liberates COs. 

Also when CO; diffuses into blood the corpuscles swell. Swell- 
ing is brought about by an increase in the osmotic pressure of 
the corpuscle. The substances in the corpuscle capable of con- 
tributing to the osmotic pressure are H*, OH, Kt, HCO, , and 
Cl”, and the last of these is increased by diffusion. There is an 
uncertainty as to whether a protein can exert osmotic pressure. 
Osmotic pressure in a protein solution may be due to the K-ions 
rather than to the protein particles. | Hydrogen ions are present 
in such small amounts that their effect on osmotic pressure is neg- 
ligible. 
To summarize: When CO; goes into the blood it diffuses both 
into the plasma and into the corpuscle. The corpuscle has more 
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mineral base than the plasma. Part of the base is combined with 
protein, but CO, takes it away from the protein and forms bicar- 
bonate. Bicarbonate ions are then more concentrated in the 
corpuscle than in the plasma and diffuse into the plasma since 
the corpuscle is permeable to them. HH” diffuses into the cor- 
puscle, causing a change in the electric equilibrium, with the result 
that Cl ions are drawn into the corpuscle. We might suppose 
that equilibrium could be maintained by the K~ passing from 
the corpuscle to the plasma, but the corpuscle is impermeable 
to K*. Now the question arises, How did potassium get into 
the corpuscle originally? This cannot be answered. It may 
be that during the growth period in the hematopoietic tissue the 
corpuscle wall was permeable to K*, and now is impermeable. 
This does not seem a very satisfactory solution, as we shall see 
later when we come to the subject of permeability. 

The corpuscle swells, water passing from the plasma to the 
corpuscle, because the osmotic pressure of the corpuscle increases 
more rapidly than that of the plasma. The osmotic pressure 
may be calculated by Donnan’s equation. A simple case would 
be to take a protein solution on one side of a membrane and 
water on the other, and add to the system HOAc. It is imma- 
terial whether the HOAc is added on one side or on the other 
because the membrane is permeable to HOAc—in fact, to every- 
thing except protein and protein compounds. The protein reacts 
with the HOAc, forming a protein acetate, which dissociates into 
protein* and OAc”. The HOAc becomes H* and OAc™. At 
equilibrium the undissociated molecules of HOAc are equal on 
the two sides and we have the equation for the two sides, 


[H+] x [OAc] _ 
[HOAc] 


Since both HOAc and K are the same in each case we can leave 
them out of the equations, and write [H*]; x [OAc”];, = [H*} x 
[OAc]... If the products on the two sides are equal and the two 
factors (H* and OAc’) are not equal, then the sum of the factors 
(H* and OAc’) is greater on one side than on the other. These 
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sums determine the osmotic pressure, which, therefore, is greater 
on the side where the protein is located. 

Simplified case illustrating Donnan’s equilibrium: 

Assume K of lactic acid = 0.0001 (in a normal solution of 
lactic acid). 

Let (1) and (2) represent conditions on two sides of a mem- 
brane, with protein present in (1) in addition to the lactic acid. 

Let 

(1) (2) 


A] = 0.001 NV Cote. 0 010RN 
flac] = 0.100 [lac] = 0.010 
{H lac] = 1.000 [H lac] = 1.000 
[prott] = 0.099 

Total osmotic particles 1.200 equiv. 1.020 equiv. 


This case does not exactly conform to facts, but is sufficiently 
near the truth to show roughly the qualitative relations without 
the use of higher mathematics. 

As there is nothing in the corpuscle to keep water from enter- 
ing, the corpuscle swells considerably. It would keep on swelling 
and burst if it were in pure water, but its swelling merely concen- 
trates the plasma to such a point that swelling ceases. The ratio 
between the diffusible ions within and without the corpuscle 
must conform to Donnan’s equation because the protein and the 
_cations cannot diffuse (the difference between the algebraic sums 
of the positive and negative non-diffusible ions inside and outside 
being about 0.05 N cations outside), whereas some other sub- 
stances can pass through freely at equilibrium: 


_ [He] _ [Clo] _ [HC03.-] _ [OHA] _ [S047] 


(Ett weiClusler (C03. a 4On. bh) S04] 


(9) 


in which r represents the Donnan ratio on the two sides of the 
membrane as found experimentally. The subscript s denotes the 
serum and ¢ the interior of the corpuscle. The brackets represent 
the activity of the ions and not the concentration. Van Slyke 
and Hastings observed that the value of r is different for the 
different ions. 

Space does not permit us to go into all of the mathematical 


PHYSICAL CHEMISTRY 


254 


ell 
Sa) 
mys 
ro 
“uo 
a z oS treeeeesseeseen Lod WU UOIZEIJUIOWOD [BJOT, 
6 TS VI 06°92 6F'SS,. = [ola |e eee Cam g[[00 UL y 4Ue0 10g 
& ‘Ivl “THI. 
S : . ‘ me 
9 @ 9g0°0 91520 OTSLO" i  itinarratevere eters tasters porwr eectes Ty] aay 
S Ba iacdee s- 
<w He 10°'0— | g0°0—- ooe'2 IIZr'z oor’, Jose’, «| ieee meneae er aeeeee 2 yd 
es CO 2 rie 000‘T} 0°S0b) 0°S68} — 000“T "G69 | "eset pdo[g °y sad +99 ‘ommmyoA 
3 > i Pe pt i Fae ie fae ieee se ebewccecene is a uoIsu9} ce) 
se mS ie LY OF aceebascecccccson ceee Arr “WU ‘mo1su9} 700 
a =| L3- 8°¢ 98 ye ido MY C9 YD “ ” 70 1%30.L 
5 tA Seal DAA 3g 8°¢ $3 C3 er yy ory *Q, POUIQUIOD 
3 = ¥0'0- £0°0 10°0 NUE EROS 9 sem aera %O ea” 
3 SQ s+ | 160+ | PE I+ | $28 9V'9 |. 8° ZT | 09° IZ O99" NW VOsST. eens Loe tree ce 700 1219L 
e ro) L1°0-F | 90°04 | TL-O-+- |) 2a Or'O | 280 ¢g0°T SO LO ae omens 37, 9) rasee *00°H 
& = 80'S | S8°0+ | 2 I+ |] 2S°2¢ 90°9 | 9F OT | FOG 12's Oe ter ie ®00HA 
= 80:3— | L6I— | IL 0— | 28°60 | €4°02 | 60°6 06° TE OLj526.5) 00: Gees Seana Ro BAI Sa da 
gq 8 OO | st't+ | st'iI+]| 00708 | ¢s'1z|eps¢]} 00°08 | Tr°a2 | 69°69 f°°° 272228 Aen ee or 10 
i © 0°0 00 0-0 vECEL | FE 8h | 00 FS | FE SEL | CERF a as Ll Pe i ha a 
eS 0°0 gy) g= 608 coz] S| «G08 093) [69a |" sees 0079 “1 ad “99 OH 
a Ss aaa (ee et re ey, (ees ee Ea Se z 4 
Oo oO “ E : 
s = _ rou “meg | vung | Tot | sneo | cumaog] Toul | “sto 
6 A 
n ial ; 7 
» ,& 23°0 = quetyonb Ar0qe.ndsay 
S ie ” ” ” “us Ig = sureyoid UNIS ,, 3) 
7 & *poo[q 1091] tod wur g*g: = UIqo[ZourY Jo uOTyeIyUENUO* 
3 Be aootg 
ort apd 
= cS) 
ie) fe 
2s 


20.2 volumes per cent. of Oz is 92 per cent. (of the value at 


pH 6.4) at pH 7.3 and 91 per cent. at pH 7.4. The greater the 


ing 


. 


- 


IONIC EQUILIBRIA IN BLOOD 255 


absolute cell volume (hemoglobin), the less the percentage change 
per unit change in pH. 

The maximum range of pH which can occur within physio- 
logic limits is from 7.5 to 7.3, resulting in a change of volume of 
about 1 per cent. This may not cause a variation in the energy 


Total. E 
CO2 BHCO; Per cent Q Per cent 
mM. mM. of blood & of blood H,CO3 CO2 
per kg. perky. H20in 5 ClandHc0, mM. per tension 
blood, blood, serum , § ome (KG, blood, | mm. , 
Pie pHs 
Ere = Ne 
25 24 580 = a : 
63 Sse 8 
c. n 
244 23 rgeo +001 40 
5a5LE 64 BS E 
SE ® 
23 22 si ° 
65 i 
22 . 54 +30 45 
21 10 
g 50 
20 68 
1.30 
8 7.30 
19: 600 
69 7.10 ins 55 
LT a 
. 18 
7.20 


Fig. 26.—Nomogram showing the ionic equilibria of the blood, by Van Slyke 
and his collaborators. (From Journal of Biological Chemistry.) 


required to pump blood through the capillaries because the con- 
dition in the capillaries may be considered a steady state. 

In Figs. 26 and 27 are reproduced two charts called nomo- 
grams showing the calculated relationships for arterial and venous 
blood of average serum and cell composition as calculated by 
Henderson and by Van Slyke, and the tables give some of the 
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data on which they were based. Two values fix all the others, 
and if a string is stretched over 2 known values all the others 
may be read where the string cuts the scales. 

From the formula (5) above is obtained: 


pH = pK» + log [NaHCO] — log (pCO:) 


Van Slyke has determined the variables of this equation in horse’s 
blood, and Cullen made a number of determinations for various 


SERUM 
Arterial. Venous. 
H,0 COM DCTS ON ce ideo uiatelsie ein res 915.4 914.3 —1.0 
B MAM SASS nr, Anche ee acces woke 140.1 | 141.1 +1.0 
Cl IE MLE OS SOME Te dra I 99.37 98.22 —-1.15 
BP Re EE EI ESS acraralate Wess iecaserslaie etareracs 15.34 15.27 —0.07 
BHCO; EEE LMR ere Ra 25.40 27 .66 +2.26 
H,CO; Pinca” ISCaeiN Welaaicielevelalaieretsiesiere ge 17; 1.38 +0.21 
TBOtal COs we a cen Cato Acdeisise sents 26.58 29.04 +2.46 
CELLS 
Arterial. Venous. 
H,0 CODEN CELISH Meniesite items 649.5 654.2 +5 
B I ie Sa te Rictutoien: Crisler 120.7 119.3 —1.4 
Cl Ps So SOE ave eee ake sia eeteiets © 50.98 53.21 +2.23 
BP SEB EE = SES SEV I Se Sere apie San 56.70 51.18 —5.52 
BHCO; SE SEARED nt Bethe 2 Se OAS 12.99 14.96 +1.97 
H.CO; SOS es erm aleiCace ta tietacece 0.85 40.99 +0.14 


Total CO2 LIER G SoBe OCA be ee 15.95 | +2.09 
Combined Oye peeks he tee, one nen] Moto 14.3 —6.9 


: (Henderson, Bock, Field, and Stoddard.) 


bloods. Van Slyke calculates a difference in the pK» for the cor- 
puscles and the plasma. The total difference in pK is 0.12, so 
that the value of pK: for the interior of the corpuscles would 
not vary far from 6. 

The question is, What is the normal pH of blood? From the 
data shown in Fig. 22 it may be seen that if the kidney main- 
tains the titratable alkalinity at a certain normality, and if the 
CO, tension is maintained at a certain value, the point at which 
their co-ordinates cross will give the pH. It has been found that 
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Fig. 27.—Nomogram showing the ionic equilibria in the blood 
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the blood at a definite pH. That pH is.somewhere around 7.45, 
17 


although it varies slightly with different individuals and with 
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diet, and is affected by anything that affects the respiratory 
center. The mechanism is somewhat complicated and will be 
considered again later. 

Besides being affected directly by the respiratory center, the 
pH is supposed to be influenced by certain other factors. For 
instance, it is stated that soon after vaccination the pH of the 
blood falls off to a point of neutrality, reaching somewhere around 
7. It is asserted by Chambers that the pH of normal blood 
is 7.31 and that in carcinoma it averages 7.36 (because of hy- 
perpnea accompanying pain?). The pH of the plasma is said to 
diminish during anaphylactic shock. There is a change of pH 
when serum is heated to 56°. The pH of the lymph and cere- 
brospinal fluid may change because they are filtrates of the blood- 
plasma. 

It is asserted that the pH of the cerebrospinal fluid in men- 
ingococcus meningitis varies from 7.2 to 7.4 and 7.4 to 7.6, the 
latter being the reaction of normal cerebrospinal fluid. These 
values are probably too high because of salt effect on the indi- 
cator. In acute rheumatic fever the pH of joint exudates is 
said to be 7.27 to 7.42. _When infected with Staphylococcus 
aureus the exudate has a pH of 6.9; with Streptococcus hemo- 
lyticus it may drop to 6.19. 

When hemoglobin combines with oxygen to make oxyhemo- 
globin it becomes a stronger acid. (The acid dissociation constant 
of oxyhemoglobin is 10°7"° and of reduced hemoglobin is 10° 7*1.) 
Reduced hemoglobin is such a weak acid that it cannot take Na* 
away from HCO; , but when oxygen enters the system it be 
comes a stronger acid and unites with the Na‘, leaving the HCO;~ 
to go off as COs. 

NaHCO; + HHb + O, #» H2CO; + NaHbO, 


This takes place in the body, and so aids in the transfer of COs. 
' It seems that the blood has developed into a very efficient machine 
for carrying CO, and oxygen. The same molecule of hemoglobin 
acts as an agent for carrying them both; although the hemoglobin 
may not combine with CO, to any extent, it unites with Nat, 
and when CO: comes into the blood the Na* goes over to the 
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CO; forming bicarbonate. Doisy found that 53 per cent. of the 
COs, of the blood is carried without change of pH—merely by re- 
duction of oxyhemoglobin to hemoglobin. 

Now we come to the question of what is called acidosis. For 
a long time this condition was recognized as a symptom of disease, 
though the cause was unknown. It was supposed to be due to 
acid intoxication or poisoning of the body by the action of free 
acid. Later, upon more careful determinations of the reaction 
of the blood, it was found that the blood was always slightly 
alkaline or neutral, with a pH around 7.45. No really proved 
case of acid blood-plasma has ever been found in living persons 
except in coma, so that view of acidosis had to be modified. It 
is very probable that acids occur inside of cells; in fact, the pH 
inside of the red cells is probably about 7.30, which is less than 
in the plasma. At any rate, in the blood there is always alka- 
linity. Rather recently, chiefly through the work of Van Slyke, 
the bicarbonate buffer of the blood has been emphasized. In 
the case of acidosis it was found that the bicarbonate content 
was greatly reduced, sometimes to one-tenth its value. In some 
parts of the body where acid is being produced and the buffer 
value has gone down, the blood may possibly not neutralize the 
acids. Van Slyke says that various divergences from the normal 
are possible. He maintains that the normal range of pH is from 
7.3 to 7.5, and that cases occur on the two sides of that, none of 
them being acid. The extreme range he gives as 7 to 7.8. Ac- 
cording to Van Slyke, tetany occurs at a pH of 7.8, and coma 
at a pH of 7. Van Slyke defines compensated acidosis as aci- 
dosis in which the pH has remained constant when the alkaline 
reserve is changed, because the CO, has varied in inverse pro- 


portion. The following different states may occur: 


1. Uncompensated alkali excess, where alkali has increased in the blood 
with no other change except a correspondingly greater pH. 
2. Compensated alkali excess, where there is a normal pH range with 
increased alkaline reserve. 
3. Compensated CO, excess, the same as the above, for any compensation 
of the alkali occurs with CO:, and so CO, may be said to be com- 
. pensated with alkali. 
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. Uncompensated CO; excess, in which pH is reduced. 

. Uncompensated CO deficit. 

. Compensated alkali and CO; deficit. 

. Uncompensated alkali and CO, deficit, with pH within normal range. 
. Uncompensated alkali deficit, with pH reduced. 


CON SD Oe 


Besides these eight (in reality only seven) there is the normal 
condition. He produced all abnormal conditions experimentally. 

According to Conway and Steven, the pH of the corpuscles 
is 0.13 less than that of the plasma. This experiment was made 
by laking the corpuscles. 

There is a possibility of producing acidosis by feeding CaCl, 
by mouth. Haldane fed 85 g. in three days, and found that 
CaCOs was excreted by the feces and Cl was absorbed, producing 
acidosis. Milroy, who has measured the aikaline reserve of the 
blood, asserts that the alkaline reserve of the plasma is 0.024 N 
of which he gets 0.01 in true solution, and the rest, 0.014, would 
be due to the colloids present. 

The hydrogen ions have some effect on the degree of contrac- 
tion of blood-vessels, increase of hydrogen ions causing dilata- 
tion and decrease of them effecting contraction. This appears 
to be an adaptation whereby increased CO:, which will produce 
H ions, will bring about vascular dilatation and cause more CO, 
to be removed. This reaction occurs with a change of pH of 
0.21, which is about the normal range of Van Slyke. 

It is known that acidosis occurs in anesthesia. We have 
already seen that anything that increases respiration throws 
CO, out of the blood, with lowering of alkaline reserve of the 
plasma, because Cl passes into the plasma and neutralizes some 
of the alkali. But according to Van Slyke this explanation is 
not sufficient, in ether anesthesia the pH falling to 7.2 to 7.3, 
alkaline reserve to 0.06 to 0.016, and CO, tension to 10 to 25 mm. 
(about 40 mm. being normal). As a result of quantitative de- 
terminations Van Slyke figured that the changes are not due 
entirely to increased breathing, but to the entrance into the blood 
of some acid other than CO:. This might be lactic acid. 

In epilepsy there is an increase in ammonia of the blood. In 
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case of periodic vomiting it has been found that an alkalosis 
occurs, or an increase of buffer in the blood, which is improved 
by large doses of 0.1 N HCl. Cholera for a long time was sup- 
posed to be accompanied by acidosis (Sellards.) 

In shed blood it has been demonstrated that glucose changes 
into lactic acid. Of course, in the body that same change would 
produce acidosis. Glomerular insufficiency causes acidosis. 

The HCl secreted by the stomach is taken from the blood, 
with consequent increase of alkaline reserve of the blood; and the 
reverse process may take place either during the resorption of 
HCl by the intestinal wall or during the excretion of bicarbonate 
by the pancreas. Enough time elapses between the secretion 
of HCl by the stomach and the secretion of alkali by the pancreas 
to cause a temporary alkalosis in the blood, so that a change in 
urinary secretion occurs and the urine becomes either alkaline 
or less acid. During overexertion lactic acid is produced in the 
muscles so rapidly it cannot be burned, hence the alkaline reserve 
of the blood is reduced and there is a condition of acidosis. But 
if only part of the muscles are active while others are at rest, 
and the same blood is circulating through the resting muscles, 
the lactic acid may be burned. 

A good deal of work has been done in regard to high alti- 
tudes. Men climbing the Alps for the first time may have moun- 
tain sickness, which is due to lack of oxygen. Following this 
there is an increased production of lactic acid, partly from exer- 
tion and partly from lack of oxygen to bum it. Therefore the 
alkaline reserve is lowered, causing increased breathing in order 
to regulate the CO, balance; the CO, carrying power of blood is 
decreased, consequently the blood has to circulate more rapidly 
and the CO, tension of the alveolar air is reduced. The resulting 
stimulation of the respiratory center brings about greater ven- 
tilation and greater O, intake. 

The low alkaline reserve and high pH in fever is probably 
due to hyperpnea or increased breathing (Koehler). 

Smooth muscle in the intestinal musculature as well as in 
blood-vessels is sensitive to changes of pH. Though these muscles 


s 
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are stimulated by the Na,COs, the question is not settled as to 
whether the stimulation is due to the Na ion, the HCO; ion, or 
the OH ion. Probably it is a summation of effects. Such a 
summation of effects might be illustrated by a perfusion experi- 
ment with the heart of a marine invertebrate (conch). Sea-water 
is used as the perfusing medium instead of blood. Sea-water 
contains Na*, Cat*, K*, and Mg™™, the proportions of which 
may be varied without change of osmotic pressure. Certain 
modifications affect rate of beat, while others influence force. 
These may be summarized in the following diagram: 


Increase Nat, K*, OH— Increase Catt 
Ee \ Decrease Mg**, H*, Ca** (apparently) es | Decrease Na* 


Catt is extremely toxic and can be increased only gradually. 
Finally, with sufficient increase of any one, the heart stops beat- 
ing. The stopping may occur either in systole (contraction) or 
diastole (relaxation,) depending on which ions occur in excess 
according to the following diagram: 


Systole—Nat, Kt, OH- 
Stopping in) Diastole—Mg*™, H*, Ca** 
Rigor mortis—Ca** 


Maximum force requires a delicate balance of ions. Small amounts 
of Cat* markedly increase the force. 

If K*t, which increases the rate, is given in too large propor- 
tions, the heart becomes paralyzed and the rate drops to zero. 
So really, in a simple qualitative study, stopping has to be con- 
sidered as.a third element. For continued maintenance of both 
rate and force H*, OH", Nat, and Ca‘™ are all essential, and 
certain others help to maintain the heart in a normal condition. 
Whether the HCO; ion is necessary is hard to say because it 
is produced by the tissue, and hence is present in any experi- 
ment. 

Another instance of variations of normal balance of ions 
might be cited in cases of tetany. Tetany may be produced 
experimentally in animals by increase in the ratio: 
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a[Nat] + b[{K+] + c[OH-] 
u(Mg**] + v[H*] + w[Ca*+] 


whereas relief from tetany may be brought about by a decrease 
in this ratio. In this ratio, a, b, ¢, u, v, w, are proportionality 
factors. Greenwald injected NaHCO; intravenously and pro- 
duced tetany. Tetany may also be obtained by forced respira- 
tion, which, according to Grant and Goldman, increases the 
concentration of OH ions. Mathews in 1905 observed that Ht 
is the only monovalent ion capable of antagonizing the effect 
of Na’. 

Cameron and Collip have determined the alkaline reserve of 
blood of lower animals, and find it rather low in the pigeon, ap- 
proximately equal to that of man in other birds, and less again 
in the frog. These values vary, however, some being equal to, 
and all approaching that of man. When it comes to the lower 
vertebrates the alkaline reserve of the lamprey is very low, also 
of the shark family and bony fishes. Among invertebrates the 
jelly-fish and other Coelenterates have hardly any. The same 
is true of star-fish and other Echinoderms; it is a little higher in 
Crustaceans and Mollusks. So we really have to come to the 
vertebrates above the fishes to get a condition approximating 
that in man. 
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CHAPTER XII 


OSMOSE 
OSMOTIC PRESSURE OF CELLS 


Ir has been supposed that after an animal cell has remained 
in a medium until equilibrium is established, the osmotic pres- 
sure of the cell is the same as that of the medium, and hence 
Hamburger, in order to determine the osmotic pressure of blood- 
cells, placed them in different media and found the medium 
in which they would not change in size. He then determined 
the osmotic pressure of that medium. Plant cells are surrounded 
by a cell wall of considerable strength, and if they are placed 
in a medium of higher osmotic pressure than their own the proto- 
plasm shrinks away from the cell wall. The osmotic pressure 
of the cell is supposed to be the same as that of the medium that 
just fails to separate protoplasm from the cell wall (plasmolysis). 
It has been determined, however, by Collip that the osmotic 
pressure of blood-cells as determined by the freezing-point method 
. is about 10 per cent. lower than that of the serum, and the dif- 
ference in twenty-two determinations averaged 400 mm. of 
mercury. We should suppose, therefore, that the blood-cell is 
a mass of protein that would swell in plasma if it were not for 
the semipermeable membrane surrounding it, that the osmotic 
pressure of the plasma or serum presses out water from the pro- 
tein gel, and that the elasticity of the gel prevents water being 
pressed out to osmotic equilibrium. This finding would elucidate 
the observation of F. H. Scott, that when water is added to 
blood all of the water passes into the corpuscles. The corpuscle 
proteins have not swollen to their maximum and they greedily 
absorb any additional water. 

It is difficult to determine the exact point at which the cor- 


puscle freezes, and work like that of Collip is sometimes puzzling. 
284 ‘ 


OSMOSE 285 


Collip found that the osmotic pressure of muscle, spleen, lung, and 
heart of a dog as determined by the freezing-point method was 
about 20 per cent. higher than that of the blood-plasma of the 
same dog. In this case the tissues were ground in a meat chopper, 
and it is possible that lactic acid, which is produced under such 
conditions, may have raised the osmotic pressure. It would 
certainly seem strange if the osmotic pressure of the blood-cells 
is lower than that of the blood-plasma and the osmotic pressure 
of the tissue cells greater than that of the blood-plasma. The 
osmotic pressure of the blood-serum of mammals corresponds to 
a freezing-point of about —0.6°. The depression of the freezing- 
point, A, in blood-serum of various animals is given in the fol- 
lowing table: 


Depression of freezing- 
Mammals: point in degrees. 
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Depression of freezing- 
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Other vertebrates show a more variable osmotic pressure, but 
the values are not far different, their freezing-points being from 
0.45 to 1. Marine invertebrates have an osmotic pressure equal 
to that of the sea-water, but in fresh-water invertebrates it is 
less. In certain diseases the osmotic pressure of the blood-plasma 
or serum may be outside the normal range. 

Harris and Gortner have made numerous determinations of 
the osmotic pressure of the pressed juices of various plants. 
It was found that in the same plant the osmotic pressure increased 
with the height above the ground. It is the osmotic pressure of 
the cells in the leaves that draws water from the vascular bundles. 
The water is drawn up through the tubules (trachee) in the vas- 
cular bundles by adhesion to the walls and cohesion of the water. 
The cohesive force, or tensile strength, of the water is the equiv- 
alent of 50 to 200 atmospheres. If an air-bubble gets into a 
tracheid, it expands and fills it, displacing the water (Dixon). 
High osmotic pressure seems to be a defense against drying out 
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in the case of desert plants. Harris, Gortner, Hoffman, and 
Valentine found a specimen of Atriplex nuttallii growing near 
the Great Salt Lake that had a freezing-point of — 14.4°, equiv- 
alent to an osmotic pressure of 169 atmospheres. They find in 
species of cactus very low osmotic pressures. In these cases we 
may assume a more or less approximate equilibrium between the 
water vapor tension of the atmosphere and the vapor tension of 
the surfaces of the plants. Since they are both growing in the 
same atmosphere, these two plants would have about the same 
vapor tension in their surface layers. The cactus is surrounded 
by a wall impermeable to water, but there are some stomata. 
The cactus holds the CO, produced by respiration during the 
night for photosynthesis during the day, and hence needs to open 
the stomata only for an excess of CO, for growth. It may grow 
new parts for years while resting on a dry shelf in a museum, 
but this is done at the expense of the older parts. It seems prob- 
able that the colloids in the cactus have power to hold water and 
yet do not depress the freezing-point, just as in case of the ery- 
throcyte (Collip). 

It was shown by Bachmann and Runnstrom that the fer- 
tilized frog’s egg has a very low osmotic pressure and that the 
osmotic pressure rises during development. They found that the 
ovarian egg had a much higher osmotic pressure. The lowering 
of the osmotic pressure is due to outward diffusion of crystalloids, 
as will be shown below. 


ELECTROPHORESIS (CATAPHORESIS) 


By cataphoresis or, as it should more properly be called, 
electrophoresis is meant the migration of solid particles in an 
electric field. The forces concerned are the same as those causing 
the movement of ions in electric conductivity. It has been de- 
termined that the speed of migration at constant fall of potential 
is determined by the charge on the body divided by its surface 
area. Since we do not know the surface area of ions this rule 
cannot be applied to them. The rate of migration of colloidal 
particles is stated to be, however, of the same order of magni- 
tude as the speed of ions (Zsigmondy, 1917). Under a potential 
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gradient of 1 volt per centimeter colloidal silver moves toward 
the anode 2 to 3.8 u per second, and colloidal gold about 4, and 
the chlorine ion, 6.8 at room temperature. Factors influencing 
the rate of movement were studied by Billitzer (1903). Among 
substances usually electronegative there are, besides the col- 
loidal metals, glass, shellac, clay, carborundum, asbestos, wool, 
cotton, arsenic sulphide, and sulphur, whereas chromic chloride, 
cobalt oxide, zine oxide, and barium carbonate are ordinarily 
electropositive. According to Coehn (1910) the substance with 
higher dielectric constant is the more positive of two phases in 
~ contact. According to this rule all substances in water would be 
negative. Other factors besides dielectric constant influence the 
charge, which may be reversed by changing the pH and by other 
means. Not only colloidal solutions, but emulsions and sus- 
pensions, may show cataphoresis. A new process for the extrac- 
tion of cod-liver oil is the mincing and salting of the livers and 
removal of the oil by cataphoresis. The mincing does not destroy 
all the plasma membranes, however, which are destroyed by the 
heaping up of ions (polarization) due to the current. 

The methods of studying cataphoresis are different from those 
used in electric conductivity, as the individual particles may be 
observed under the microscope. Since the walls of the vessel 
are charged, the water surface will be charged in an opposite 
sign, and hence the water will be carried along the surface of the 
vessel. This surface current of water disturbs conditions in the 
surface layers, and hence it is necessary to focus with a microscope 
down some distance into the liquid. The distance at which the 
effect of the walls is manifest is given at 25 wu (Bancroft, 318), 
but in the absence of opposing forces the whole mass of liquid 
moves. The advancing edge of a whole mass of particles too 
small to be seen individually may be observed if the particles 
are colored or if they absorb or disperse a large part of the light 
falling on them. Particles that cannot be observed in this way 
can be observed by ultraviolet light which causes them to fluor- 
esce, as Svedberg has shown. 

} It is found that proteins do not migrate at the iso-electric 
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point, or, to put it more exactly, they migrate only to a slight 
extent and equally in both directions (see Chapter IX). On the 
alkaline side of the iso-electric point they migrate toward the 
anode because they are negatively charged, and on the acid side 
of the iso-electric point they migrate toward the cathode because 
they are positively charged. Substances in the living cell migrate 
when the cell is placed in an electrostatic field, that is to say, 
when it is immersed in a water solution through which a current 
is passed. It was shown by McClendon that various bodies in 
the cells of both plants and animals migrate toward the anode, 
and are, therefore, negatively charged. The chromosomes and 
the whole nuclei migrate, as well as various granules and what 
might be called hyaloplasm. It seems that everything of a protein 
or lipoid nature migrates toward the anode, since a clear blister 
containing very little or no stainable substance may appear 
under the plasma membrane toward the cathode. 

The whole cell in its natural condition usually migrates to- 
ward the anode when free to move. Exceptions have been ob- 
served in case of a few animal and possibly a larger proportion 
of plant cells. This would be expected of plant cells living in a 
variable medium, since the charge on the cell may be reversed, 
for instance, by certain ions.* In Chapter XIII, on Permeability, 
it is assumed that the resting plasma membrane is permeable to 
hydrogen ions, but impermeable to the anions of some acid pro- 
duced in cell metabolism, the retention of an excess of anions 
giving the cell a negative charge. In this case the hydrogen-ion 
concentration would have to be higher within the cell than outside 
of it. If the hydrogen-ion concentration should be increased out- 
side the cell, the sign of the charge would be reversed. This 
actually happens, the iso-electric point of erythrocytes being 
about pH = 4.7 under ordinary conditions. The charge on the 
cells might be pictured, however, as due to dissociation of H 
ions from carboxyl groups of compounds in the cell surface or 
might be due to adsorption of ions. Adsorption might explain 
the fact that trivalent metal ions easily reverse the charge on 


the cell. 
19 
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The iso-electric point of blood-corpuscles depends not only 
on the hydrogen-ion concentration but also on the concentration 
of other ions, as shown by the following data from Haffner: 


Percentage NaCl pH at iso-electric point 
in medium. of erythrocytes. 


Since the medium was buffered with acetates, other ions were 
present. Haffner observed the same relations with the stroma 
or ghost of the corpuscle. 

The sedimentation of erythrocytes may be influenced by their 
electric charge. When brought near their iso-electric point they 
clump together and settle to the bottom more rapidly. The 
ions of heavy metals or rare earth metals cause neutralization 
(or reversal) of the electric charge on erythrocytes, with conse- 
quent agglutination and precipitation. Fahraens attributes the 
rapid settling of maternal blood-corpuscles during pregnancy to 
the high fibrinogen content which reduces the electric charge 
on the corpuscles. 

Washing the corpuscles with isotonic sugar solution causes 
agglutination, probably because of the pH. Radsma found that 
addition of ions retards the agglutination, the effectiveness being: 


Citrate < SO, < acetate < Cl < Br, NO; <I <SCN and K<Na<Li 
<Ca<Ba 


ELECTRO-ENDOSMOSE 


_ The movement of the suspended particle in an electric poten- 
tial gradient is relative to the water, and if the particle is held 
mechanically, the water will move in the opposite direction to 
the previous movement of the freely suspended particle. For 
instance, fine particles of glass are usually negatively charged 
when suspended in water, and hence go to the anode in an electric 
field, but if the glass particles are placed in a heap in a furnace 
and heated to the point of sintering, that is to say, to the point 
at which they adhere together, but do not melt, they will form a 
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porous mass. If this porous mass be used as a membrane separat- 
ing two bodies of water and an electric field set up, the water 
will go to the cathode through the membrane. This movement 
of water is known as electro-endosmose. 

The rate at which the water moves is the same as the rate at 
which the particles moved when freely suspended, but in the op- 
posite direction. The size of the pores makes no difference in 
the rate of electro-endosmose unless the movement is opposed 
by a counterpressure, in which case the core of the water in a 
large pore will not move at the same rate as the water next to 
the wall of the pore. The rate of movement of the film of the 
water next to the wall of the pore is not influenced by the size 
of the pore. If the pore is sufficiently small it carries along all 
of the water in the pore at the same rate. The fact that water 
moves in very small pores at the same rate as in large pores is 
taken advantage of in the drying of peat by passing an electric 
current through it. The pores in the peat are so fine that great 
mechanical pressure has to be applied to press the water out of it, 
but it comes out easily by electro-endosmose. Unfortunately, 
however, this removes only the water in the pores, and water 
held in peat in other ways, as by colloidal swelling, is not removed 
by electro-endosmose. 

Freundlich used the following formula for the quantity of 
liquid transported in unit time through a membrane of area (¢): 
eee Ek 

Axl 


in which V equals the quantity of liquid transported when the fall 
of the potential through the capillary of length / is equal to L 
and é equals the charge on the walls of the pores; k, the dielectric 
constant of the liquid; 7, its viscosity, and w the ratio of the cir- 
cumference to the diameter of a circle. From this formula it is 
seen that the greater the charge on a membrane, the greater the 
rate of flow, even though the driving force remains the same. 
Since many materials of which membranes are prepared can be 
ground up and gotten into suspension, and it is easier to deter- 
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mine the electric charge on the material when in suspension 
than when it is in the form of a membrane, we will not review the 
data on the charge of many membranes, because that can be 
learned from the section on Cataphoresis. If the pores are all 
small in the membrane, the charge can be determined by using 
the formula and measuring the rate of electro-endosmose, but 
if any of the pores are large (since there is liable to be some back 
pressure) the flow may be less than if the pores are all small. 
This difficulty does not arise in cataphoresis measurements, since 
both small and large particles move at the same rate. 


ANOMALOUS OSMOSE 


In the section on Osmotic Pressure of Cells it is assumed that 
a normal osmotic pressure is present. It has been shown by Bartell 
and his co-workers that osmotic membranes may be made of 
many materials if the. pores are fine enough, and although he 
can measure only the largest pores, he is able to grade mem- 
branes roughly by this means. If some or all of the pores are 
sufficiently large, abnormal osmose may occur. In no case has 
any abnormally high osmotic pressure been demonstrated, but 
Bartell has observed an abnormally rapid rate of osmotic flow 
through the membrane with large pores. Owing to many factors 
involved we will not discuss this matter here, but will take up 
the case of abnormally low values. 

A membrane with very large pores is a simple sieve, and no 
osmotic effects may be observed. Bartell, using sugar solutions 
and copper ferrocyanide membranes, observed some osmotic 
effects with pores about 1 uw (0.001 mm.) in diameter; it should 
be remembered, however, that the osmotic effects may be due 
to the smaller pores, since he found only 200 pores in an area 
of 1.54 sq. em. to be as large as this. In collodion membranes 
with pores of 1.6 » diameter he observed osmotic effects, but 
there were smaller pores present. The most interesting phenom- 
ena were shown by membranes of various materials, porcelain, 
carbon, as well as the membranes mentioned above, with pore 
diameters between 0.1 and 0.4 uw. In these cases the osmose of 
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electrolytic solutions could be reduced gradually from a normal 
rate to zero and even to negative values by varying the elec- 
trolyte and its concentration, and also the size of the pores. Very 
high negative osmotic pressures were never obtained, but the 
negative pressures were as high as any hydrostatic pressures 
that ever occur in a human body. The phenomena of negative 
osmose had been observed by Dutrochet, Graham, Girard, Bern- 
stein, and Flusin. Bartell’s explanation of anomalous osmose is 
that it is a case of electro-endosmose superimposed on one of 
normal osmose, and if the electro-endosmose is the more rapid 
of the two processes, and is in the direction opposite to the normal 
osmose, negative osmose occurs. Since most membranes are 
charged negatively the water in the pores is charged positively, 
and will go toward the negative side of the membrane. If the 
anion of the electrolyte diffuses more rapidly than the cation, 
this will make the dilute side negative, and the electro-endosmose 
is toward the dilute side or in the direction opposite to the normal. 

It is perhaps desirable to review here the subject of the electric 
potential that may be produced by unequal diffusion of two ions. 
To take a simple case, consider the following concentration cell: 


Calomel electrode, 0.1 N KCl, 0.1 N HCl, N HCl, N KCI, Calomel electrode. 


The diffusion potential between the two acid solutions may 
be calculated from Nernst’s formula (in millivolts at 25°): 
c. _ 318 — 65 
TS he ya Rg 
where u = mobility of anions and v of cations; ¢ = concentra- 
tion of ions in concentrated solution and c, in dilute solution. 
The two diffusion potentials between HCl and KCI may be cal- 
culated by Planck’s formula where 7, and w represent the speeds 
of H* and Cl, and » and 2, the speeds of Kt and Cl, as follows: 


P= 


E= 
v 


59 log 10 = +39 on the left 


E = 59 log 2 
es Wa + % 
and substituting actual values for the first one is: 
E = 59 log ate = 59 log 3.2 = +29 on oe left, 
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and is neutralized by the second, which is + 29 on the right. 
Hence the total electromotive force is + 39 on the left. 

Bartell and Hocker (1916) measured the difference in poten- 
tial on the two sides of porcelain membranes, and observed the 
negative osmose which occurred when the speed of the anion was 
greater than that of the cation. They found that the rate of flow 
varied with the difference in potential so long as other conditions 
remained constant. In this case the charge on the membrane was 
negative, but they were able to decrease this charge by the ad- 
sorption of positive ions, and thus reduce it gradually to zero, 
and finally give it various positive values. When the charge on 
the membrane was positive, negative osmose occurred, and the 
speed of the cation was greater than that of the anion. It should 
be noted that in the case of negative osmose the resultant direc- 
tion of the movement of ions is the same as that of the flow of 
water. Bartell has observed cases that he interprets as an elec- 
tro-endosmose in the same direction as the normal osmose. In 
this case the ionic movement that is responsible for the difference 
in potential on the two sides of the membrane is up-stream in 
regard to the flow of water. Kraemer has raised the objection 
that the water should move along with these ions because of 
friction. Space does not permit the discussion of this case here, 
but the reader’s attention is merely directed to the fact that 
equalization of concentration takes place in aqueous solution by 
diffusion, and if the solution were flowing a case could be set up 
in which the movement of the particles of solute was up-stream. 

It is interesting to note that Bartell and Madison observed 
anomalous osmose with gold-beater’s skin (which is prepared 
from animal membranes) and with calf’s bladder. Bartell and 
Sims have used parchment paper, which is a carbohydrate mem- 
brane. Thin slices of wood have also been used. In other words, 
membranes prepared from organisms may show negative osmose. 
In these cases the osmotic pressures on the two sides of the mem- 
brane were always different. 

Girard (1908-13) made experiments in which he states that 
the osmotic pressure on the two sides of the pig’s bladder mem- 
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brane was the same. For instance, with isotonic solutions of 
cane-sugar and tartaric acid the membrane and the saccharose 
solution were electropositive; the direction of the osmose was 
toward the sugar. In this case the cation diffuses faster than the 
anion. If lead nitrate was substituted for the tartaric acid, the 
charge on the membrane remaining of the same sign, the fall of 
potential across the membrane was reversed, the sugar solution 
being negative, and the direction of the osmose was toward the 
lead nitrate. The speed was reduced to one-third, which is due 
to the fact that the anion diffuses very little faster than the 
cation. When potassium carbonate was substituted for the tar- 
taric acid and a negative membrane used, the sugar solution was 
found to be electropositive and the osmose was in the direction 
of the potassium carbonate solution. The difference in ionic 
speeds and rate of osmose are increased, the K ion moving faster. 
It was not necessary to use a non-electrolyte as similar results 
were obtained with tartaric acid and sodium sulphate, using a 
positive membrane. In this case the sodium sulphate was elec- 
tropositive and the osmose was in its direction. In this case 
the diffusion potential was due to the H ion. 

In performing such experiments it is difficult to maintain 
equal osmotic pressures. If the osmotic pressure is determined 
by the freezing-point, a difference of a few centimeters in osmotic 
pressure cannot be measured, and if it is determined directly 
by the use of a membrane, it is very difficult to find membranes 
that give normal values. If, however, the differences in potential 
are determined and the speed of the ions is known, and the result 
harmonizes with those in which the solute is on only one side of 
the membrane, there is no reason to believe that an error has 
been made. 

Since differences in potential between two sides of living 
membranes, such as frog’s skin or other membranes containing 
glands, have been shown to exist, or at least to appear during 
activity of the glands, it is very probable that electro-endosmose 
is a factor in the flow of fluid during the process of secretion. 
In such a structure as the stomach wall there is more than one 
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type of membrane separating the blood from the stomach contents. 
It is reasonable to suppose that in one section of membrane an 
electromotive force is produced and that the electromotive force 
is not due to the simultaneous action of the whole wall. This 
electromotive force may be due to the difference in the speeds of 
the positive and negative ions just as in the cases studied by Bar- 
tell. The flow of water from the blood to the stomach contents 
', may be a case of anomalous osmose, the driving force being the 
difference of potential. 

There remains to examine the hypothesis given in Chapter X 
to explain the high acidity of the gastric contents. In the blood 
we have a very low concentration of hydrogen ions, and in the 
gastric contents a very high concentration of hydrogen ions. 
If sections of the membrane are permeable only to hydrogen ions 
and the interior of the stomach is electronegative, hydrogen ions 
would be drawn into the stomach contents. The return circuit 
would be through another section of the membrane, that is to say, 
through the one that gives rise to the difference in potential. 
If the electrolyte that diffuses into the stomach contents and 
gives rise to the difference of potential is sodium chloride, this 
would make the stomach contents negative and cause a flow of 
water toward the stomach contents, since we know that the mem- 
brane is negative and the chlorine moves faster than the sodium 
ion. (It should be mentioned that the secreting side of all glands 
during activity is negative as compared with the blood side.) 
The chlorine ions which diffuse rapidly into the stomach contents 
through this region of the membrane supplemented by the hy- 
drogen ions which diffuse through other portions of the membrane 
would together form hydrochloric acid in the stomach contents. 
There is nothing quantitative about this conception, that is to 
say, it has not been shown that it will account for several hundred 
ee. of 0.1 normal hydrochloric acid, but the conditions are right 
for the flow of fluid, hydrochloric acid and chlorides into the 
stomach contents. The sodium chloride concentration in gastric 
juice is about 0.1 to 0.2 per cent., and of ammonium chloride 
about the same quantity, whereas that of KCl is usually less. 


sur 


“ 
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The fact that acidity or alkalinity may be produced by the 
passage of an electric current through a porous membrane in 
the same manner as by the passage of an electric current through 
a metallic membrane has been demonstrated by Bethe and Toro- 
poff in 1914. They found that when an electric current of more 
than 1 volt is passed through a sodium sulphate solution divided 
by a membrane of gelatin, collodion, agar-agar, albumin, bladder, 
gold-beater’s skin, parchment, carbon, or clay, the anode side 
becomes alkaline and the cathode side acidic, the membrane be- 
having similarly to a metal membrane. Water passes toward the 
cathode. Thus the water and the hydrogen ions pass in the same 
direction, the water, therefore, is charged positively and the 
membrane is negative. It may be assumed that hydrogen ions 
give the water its positive charge. With the porous membrane 
there is no means of robbing the ions of their charges, and if 
oxidation and reduction should be found to occur it would indi- 
cate that the membrane substance is a conductor of the first 
class, which is very improbable. In order to obtain a clear pic- 
ture of the process it is necessary to consider the electrolytes as 
dissociated, and the formation of acid on one side implies that 
the H and SOQ, ions have been brought there and OH and Na ions 
have been carried away. Bethe and Toropoff found that poly- 
valent anions tend to maintain the original negative charge of 
the membrane. The effectiveness of anions in causing cathodic 
acidity is as follows: 


citrate > phosphate > oxalate > SO, > I> Br> Cl > NOs 


In the experiments of Bethe and Toropoff it is probable that 
the sulphate anion was stopped or impeded by the membrane, 
and perhaps heaped up on the negative side. The hydrogen ions 
going through toward the negative side, together with the sul- 
phate anions, would make that side acid. Sodium ions may have 
been retarded to some extent also and heaped up on the positive 
side, and, together with the hydroxyl ions passing through the 
membrane to the positive side, would make that side alkaline. 
In other words, the anode or positive side would contain sodium 
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hydroxide and the negative or cathode side, sulphuric acid in the 
solution near the membrane. Around the electrodes the reverse 
process always takes place, the metal acting as a membrane. 


SECRETION, EXCRETION, EDEMA, AND DEHYDRATION 


Starling prepared a membrane impermeable to the proteins 
of the blood-serum, but permeable to the water and crystalloids, 
and found that the osmotic pressure of the former varies between 
30 and 40 mm. Hg. Bayliss*and others showed that after hemor- 
rhage the intravenous injection of Ringer’s fluid containing 7 
per cent. gum arabic solution maintained the blood-volume for 
a considerable time. Colloids of the blood normally, chiefly 
protein, cannot penetrate the capillary walls as rapidly as do 
salts, and their osmotic pressure maintains the blood-volume. 
In the same way the colloids in the lymph and tissue juice and in 
the cells maintain their respective volumes. The force of the 
heart-beat counteracts the osmotic pressure of the colloids and 
presses some of the water and crystalloids out of the blood into 
the tissues and through the glomeruli of the kidneys. F. H. 
Scott showed that protein passes through the walls of the tissue 
capillaries, but the process is very slow. Since the blood and 
tissues are in very intimate relation through several paths (capil- 
lary walls, lymphatic vessels, walls of veins) the accumulation 
of fluid in the body, as in edema, is due to impairment of the 
efficiency of the heart or reduction of the functioning of the 
glomeruli of the kidney. Low protein diets may cause edema by 
weakening the heart. If edema is defined as the ratio of water 
to protein, the reduction of the protein of the body without the 
simultaneous reduction of the water content would produce 
edema. Some writers-use the word in this sense, and speak of 
edema of the blood. 

Dehydration may be considered the opposite of edema. A 
review of the literature on this subject is found in Marriott (1923). 
Bakwin and Morris observed dehydration with fever in the new- 
born. On giving water, both the dehydration and fever disap- 
peared. Keith produced intense dehydration by intravenous 
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injection of glucose or cane-sugar, but no fever occurred. Under- 
hill and Kapsinow aggravated dehydration by oral administration 
of MgSO,. In some cases Mg poisoning occurred. 

Although the observations of Starling explain the volume of 
urine excreted, the concentration of the excretory products has 
not been elucidated. The osmotic pressure of the urine may be 
four times as great as that of the blood, or that of the blood 
may be eight times as great as that of the urine. The relative 
amounts of the crystalloids in the blood and urine vary within 
wide limits. 

There is considerable evidence to the effect that the glo- 
merular fluid is an ultrafiltrate of the blood, and that the resulting 
urine is affected by exchanges taking place through the cells of 
the convoluted tubules. Many observations have been made 
on the excretion of dyes. According to Hirschfelder and Bieter 
the urine in the tubules is usually alkaline. Rohde observed in 
frogs that the feeding of Na:CO; aided the excretion of basic 
dyes, whereas the incorporation of boric acid aided the excretion 
of acid dyes. The pH of the blood or perfusate seems to affect 
the permeability of the kidneys. Barkan, Broemser, and Hahn 
perfused isolated frog’s kidneys with bicarbonate-buffered Ringer’s 
fluid of pH 7.6 containing 0.06 per cent. glucose and found the 
kidneys to hold back the glucose. Hamburger and Brinkman 
observed that the composition of the perfusate affected the re- 
tention of glucose. They obtained a sugar-free urine by per- 
fusing frog’s kidneys with a solution of the following percentage 
composition: NaCl, 0.5; NaHCOs;, 0.285; KCl, 0.01; CaCh, 
0.02; glucose, 0.07. When fructose, mannose, lactose, raffinose, 
or galactose was substituted for glucose, more or less sugar ap- 
peared in the urine. 

It was shown by Richards and Schmidt that ordinarily blood 
flows through only part of the glomerular capillaries, but that 
saline diuretics cause the closed capillaries to open and allow blood 
to flow through a greater number. 

On injection of glucose intravenously it has been shown that a 
threshold for sugar excretion exists, but that this might possibly 
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vary with individuals and conditions. According to Cushny, 
a threshold for NaCl exists. 

Bernstein supposes that the direction of osmose through living 
membranes is determined by electro-endosmose. The walls of 
the pores in living membranes are electronegative, and hence 
the solution filling them is electropositive and would flow toward 
the negative side of the membrane. If we assume the membrane 
to be more freely permeable to H ions than to other ions, the acid 
side would be electronegative and the flow would be toward the acid 
side, 2. e., into the acid gastric juice and acid urine. The succus 
entericus bathing the inner wall of the intestine is more alkaline 
than the blood, and hence the flow would be toward the blood. 
The fact that the intestinal contents in some diarrheas are more 
acid than in normal condition would seem to be the cause and 
not the effect of the diarrhea, since the highly acid contents and 
rapid movements might restrict the alkalinity to the crypts of 
Lieberkuhn. The urine, however, is not always acid, but on a 
vegetable diet is usually alkaline, and the pancreatic and intes- 
tinal secretions are always alkaline. 

Not only the secretion of urine, but that of other glands, 
offers problems the solution of which would require more quan- 
titative data than we now possess. The following table modified 
from Héber shows the osmotic differences between blood and 
various secretions as indicated by the lowering of freezing-point, A: 


Mammalian fluid. 


A 
Blood... .. Hala ee suites satehe Meret a Oren etee eee eee ive 0.48-0.69 
Gastric, Juice..8 . . Heeiginn 5 as Hebi nae Btw at cee GOO eas 
w Bile ict opin Ce Soe ek cio ee eer ee eee 0.54-0.61 


Paricreatie juice vw ee ales stink eae Ate GOH 6g 


G3 
SUCCUs eNterlCUs,.< j12's soy late ne de das tesa sane ae ee 
Cerebrospinal ‘flitith.g.. A007. ees ak vel ee a 
Spermatie: fliid ss. 254/03) sae hanniosenatans owes meeeo GO 
UG oF Ade 5 tae ie iene ca wea len ee a 0.07-2.60 
SWeates co sane sso ten ge vie cutee eye Mee Cann cme say me anes 
Saliva...iz*vwhtb {2 sn Pee Ree See ee ee eta 


Whereas gastric juice, bile, pancreatic juice, succus entericus, 
milk, cerebrospinal fluid, and spermatic fluid do not vary more 
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from the osmotic pressure of the blood than can be accounted 
for by the blood-pressure, saliva, sweat, and urine vary enormously. 
Furthermore, milk, which is isotonic, is very different in com- 
position from an ultrafiltrate of the blood. One-third of the os- 
motic pressure of cow’s milk is accounted for by lactose, which 
is absent from the blood. 
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CHAPTER XIII 


PERMEABILITY 
ANATOMIC EVIDENCE FOR A MEMBRANE ON THE CELL SURFACE 


ProtopLasM has long been known to show a high viscosity. 
It was claimed by Biitschli and Rhumbler that protoplasm is 
liquid and that its viscosity is due to its emulsion character. 
Recently this subject has been studied by the method of micro- 
dissection. Microdissection apparatus was designed indepen- 
dently by Barber and Burrows (1907) and by McClendon (1907). 
In this apparatus a needle or a fine pipet could be guided under 
the microscope. (The apparatus of Barber and Burrows was 
originally intended for isolating a single bacterium, and was 
therefore, suited to higher powers of the microscope.) McClen- 
don showed with his apparatus that an ameba could be cut in 
two with an extremely fine glass needle without producing any 
noticeable reaction, or the needle could be passed through the 
ameba without cutting it into two pieces, the protoplasm closing 
behind the needle. It was concluded from observation of the 
resistance to the needle that the ameba is a closed bag of ectosare 
containing endosare in the sol stage. In other words, the vis- 
cosity is greater toward the surface. The more extensive work 
of Chambers is referred to below. 

Another method of penetrating the protoplasm was intro- 
duced by E. P. Lyon. If eggs of marine animals are rotated in 
the centrifuge various bodies of low specific gravity are displaced 
inward, and others of higher specific gravity are displaced out- 
ward. They are not, however, thrown out of the egg, although 
the egg may be elongated by the force, thus tending to show that 
there is some layer on the surface which impedes their progress. 


Lyon’s method was used by McClendon on protozoa. If para- 
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mecia are rotated in the centrifuge, the denser parts are thrown 
outward (in a centrifugal direction), but not ordinarily through 
the outer layers. The whole macronucleus is thrown outward 
and the chromatin of the nucleus is displaced inside the nucleus. 
In no case, however, was any body proved to be thrown com- 
pletely out of the cell. One paramecium was taken from the cen- 
trifuge and found to contain no macronucleus. It had been, 
however, in a culture that was centrifuged for one week con- 
tinuously at about 4000 revolutions per minute, and it is possible 
that a paramecium had divided during this process and that all 
of the macronuclear material had gone to one of the daughter- 
cells. 

Heilbrunn used the same method in a quantitative study on 
the viscosity of protoplasm. It had already been shown by 
other workers that the mitotic spindle moves as a rigid body 
when acted upon by centrifugal force, and also that it resists 
the deforming action of a direct electric current (of voltage suffi- 
cient to displace the chromatin to one end of the resting nucleus 
and to carry the whole nucleus to one end of the cell). Heilbrunn 
showed that the viscosity increased during the presence of the 
mitotic figure. 

Heilbronn, by use of an electromagnet with paramagnetic 
substances embedded in the protoplasm, studied the viscosity 
quantitatively. 

The most extensive work was done by Chambers, who used 
for most of his work two fine glass needles in the microdissection 
apparatus of Barber and Burrows. Chambers dissected various 
membranes off of the surface of cells, which he believes are not 
part of the living protoplasm; but his results show that the sur- 
face layers of the protoplasm itself are more or less plastic solid 
in their resistance to the needle. 

It should be remembered, however, that the needle may be 
resisted by surface tension. In imitating the food taking and the 
ejection of undigestible substances by the ameba, Rhumbler made 
a model of a chloroform drop immersed in water. If the chloro- 
form drop was touched with a piece of fine glass thread, it re- 
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pelled the thread with considerable force, but if it was touched 
with a thread of shellac, the shellac was drawn into the interior 
of the drop with great vigor. If the glass thread was coated with 
shellac and touched to the drop, it was drawn in, even being 
rolled up in case it was too long to go in straight; but after the 
shellac was dissolved off the glass thread was ejected from the 
chloroform into the water. The explanation of this is that water 
wets glass, but chloroform does not, while chloroform wets shellac, 
but water does not, or, at any rate, there is a quantitative dif- 
ference between the adhesion in the two cases. The surface 
tension of water is strong enough to support a greasy steel needle. 
The needle bends down the surface of the water as though it 
were covered with a solid membrane. Colton observed a small 
clam supported to the surface of the water by several byssus 
threads. Snails crawl on the under side of the surface film of 
water. In the dissection of protoplasm a needle that is not wetted 
by the protoplasm will be resisted by surface tension, and there- 
fore, in order to observe that the surface is in a solid state, it is 
necessary to use a needle of a substance that adheres to proto- 
plasm. Chambers finds that glass needles adhere but are not 
drawn in—in fact, considerable force is required to press the 
needle through the surface layers. He also has shown that if 
aqueous solutions are injected into the interior of cells they may 
diffuse through the inner fluid portions, but are inhibited from 
coming out of the cell by the surface layer. Owing to the fact 
that Chambers has published his results in a book, the details 
are not given here. 

The term “plasma membrane” has been applied to the hy- 
pothetic surface layer which is responsible for the semipermeability 
of the cell. Lund has recently studied it in Noctilucea. Quincke 
supposed it to be of a fatty nature. If the red corpuscles are laked, 
the hemoglobin and salts come out, and there remains the ghost 
of the corpuscle composed of stroma substance. The stroma 
consists of lecithin, cholesterol, and nucleoprotein, and it is sup- 
posed that these substances exist in the plasma membrane. Ap- 
parently the nucleoprotein may be stained. If it is the constit- 
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uent that takes the stain it is more abundant in the nucleus of 
a nucleated erythrocyte. In the non-nucleated erythrocyte the 
stainable substance decreases with the age of the cell. 

Cranner has shown that phytosterols and pectins come out 
of living plant cells into water or alkali or magnesium salt solu- 
tions (without death of the cell). He therefore aserts that they 
are on the surface, which he thinks is a mosaic of “lipoid” and 
carbohydrate. 


PERMEABILITY OF THE RESTING CELL 


The most extensive work on the permeability of the cell 
is that of Overton (1895-1907). Overton’s work may be sum- 
marized as follows: Polar compounds (that is to say, those that 
ionize—even of the class known as weak electrolytes) have diffi- 
culty in penetrating into the cell. Non-polar compounds, par- 
ticularly those which he found soluble in a few non-polar solvents, 
enter the cell with great ease. Overton and others have tested 
the solubility in olive oil and also in solutions of lecithin and 
cholesterol dissolved in benzene or other non-polar solvents. A 
great many exceptions have been found to Overton’s work, and 
the generalization has been modified in various ways. For in- 
stance, it is found that these non-polar compounds as well as 
some polar compounds that enter living cells, besides having 
solubilities, mentioned above, lower the surface tension of a water- 
air surface. Furthermore, the partition-coefficients of these 
substances between water and various non-polar solvents is in 
favor of the non-polar solvent. Many of these non-polar sub- 
stances have an anesthetic action, but others are very toxic. 
Overton did not find that salts enter the cell, but since, as is 
- well known, salts are contained inside of cells, they must enter 
some time. It is possible, however, that they enter with extreme 
slowness, and that there is only a quantitative difference between 
their rate of entry and the rate of entry of non-polar compounds. 

A great deal of work has been done on the penetration of dyes 
because of the ease with which they can be observed under the 
microscope. It was shown by Ehrlich that a dye may enter and 
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be reduced to a colorless form. It has also been found that, as a 
rule, basic dyes stain protoplasm in its natural state better than 
do acid dyes. Furthermore, many of the acid dyes, such as the 
sulphonic acid dyes, are stronger electrolytes than the basic dyes 
used to stain living cells—that is to say, they have a relatively 
larger dissociation constant. It has been shown that the free 
base of alkaloids penetrates easily, but that the salt does not, 
and the same has been shown for some dyes. Literature on the 
penetration of dyes is very great. In some cases the cells were 
killed by heat before the studies were made, and such studies are 
concerned with the staining of dead protoplasm by dyes rather 
than with the penetration into living protoplasm. 

Other methods have been used to study permeability. For 
instance, it has been shown that various cells containing a constit- 
uent that is not present in the medium do not lose any of it to 
the medium. Cells contain large amounts of potassium and the 
medium in which they live is often high in sodium. George Fahr 
showed that the muscle of the frog holds the potassium, so that 
only 6 per cent. diffuses out within six hours in an isotonic sugar 
solution, whereas 90 per cent. of the sodium diffuses out in the 
same time. It has been supposed that the potassium was in 
some non-polar union with the protoplasm, but such unions 
with proteins and fats are not known in chemistry. Furthermore, 
on the death of the cell, the potassium often comes out very 
freely. Cells have been placed in various solutions, and the 
composition of the solution investigated before and after intro- 
ducing the cells to see if any solute passed out of the solution. 
In such cases it is necessary to determine that the cell volume 
remains constant, and also that any effects observed are not 
due to adsorption on the surface of the cells. 


ELECTRIC CONDUCTIVITY OF TISSUES AND PHYSIOLOGIC FLUIDS 


Electric conductivity is another method that has been em- 
ployed for the quantitative study of permeability. It was shown 
by G. N. Stewart and by Bugarsky and Tangl that blood-cells 
are poor conductors. Early in this work cell sediments having 
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only 2 per cent. of the conductivity of the serum were obtained 
by means of the centrifuge. It is difficult to get the last trace of 
serum from between the cells. If defibrinated blood is centrifuged 
at the rate of about 10,000 revolutions per minute for about 
twenty minutes, the corpuscles become packed so close together 
that the appearance of a single corpuscle is obtained.. That is 
to say, the boundaries between the corpuscles that reflect light 
have disappeared and the mass looks clear. Since it is generally 
understood in microscopy that to observe objects made evident 
by their refractive index in the ordinary microscope they must 
be as great in diameter as half the wave length of light, we sup- 
pose from the homogeneous appearance of the centrifuged mass 
of cells that the thickness of the layer of serum between the cells 
is less than half the wave length of the light used in observation. 
If bodies are smaller than half this wave length, the light must 
be transmitted from the side, so that none of the direct rays enter 
the eye. In other words, the ultramicroscope must be used to 
make them visible. 

It has been shown by a number of workers that various living 
cells, both animal and plant, resist the electric current to a re- 
markable degree. The conductivity of a cell suspension is due 
almost entirely to the fluid between the cells and, therefore, it is 
necessary to know the conductivity of physiologic fluids. 


The specific conductivities of the fluids of marine invertebrates and sea- 
water extend over approximately the same range—0.043 to 0.052 reciprocal 
ohms—because their compositions are almost the same. ‘The higher figure 
represents the conductivity of the water of the’open ocean, while variations 
in its conductivity are due largely to rainfall and to additions of fresh water 
from the shore, especially in shallower water, as in the White Sea. 

In the serum of Elasmobranchs conductivity is much reduced. The 
osmotic pressure is equal to that of sea-water on account of the presence 
of a high concentration (about 5 per cent.) of urea. In Teleosts (bony fishes) 
less urea is present and the osmotic pressure as well as the conductivity is 
reduced considerably below that of ocean water. Sumner studied the question 
of osmotic exchange by putting fishes in waters of different concentrations, 
and found that while there was some tendency for adjustment, equality was 
never established. The relative concentration of ions are as follows: 
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Sea-water contains for 100 atoms of Na, 2.2 K, 2.3 Ca, and 11.6 Mg. 

Mammalian blood-serum for 100 atoms of Na, 5 K, 3 Ca, and 1 Mg. 

Mammalian blood-cells for 100 atoms of Na, 150 K, trace Ca, and 0.6 Mg. 

Macallum, on account of the similarity of concentration of salts in sea- 
water and in the blood of marine invertebrates, suggested that the blood of 
vertebrates also is a direct inheritance from the waters of a former geologic 
period, the. Cambrian Sea. This postulates that the salts of the Cambrian 
Sea were of the same concentrations as in our blood-plasma, and that early 
animals enclosed part of the sea in their bodies (just as marine invertebrates 
do. now), and that their descendants reproduced this condition of affairs in 
each generation. We know that the sodium and magnesium chlorides in sea- 
water have been increasing, and that calcium salts (and probably potassium) 
are prevented from increasing by the precipitation of calcium carbonate off 
the coasts of Florida, the West Indies, and other places (and potassium by 
the deposit of glauconite). 

By similar reasoning it may be suggested that the salts inside the living 
cell are representative of the sea in some pre-Cambrian period. The cell 
became a closed system at an earlier period than the closure of the blood- 
system, and the earlier seas may have been relatively poor in sodium, as is 
the cell interior. 


The following table gives the specific conductivities (x) of 
various fluids and tissues at 25° C.: 


Speciric Conpuctivity (7) aT 25° 


Seawater cs acco oe a rk cee ee Ok en ee ORO Fa- 0 ine 
Marine invertebrates: 
Body flaid 3 o-mooas were oe ee 0.043-0.052 
PING ewer ceseeecronet sar utes. ee eee eee te RG 
Serum: 
Elasmobranchvaconetates o. Acie erie eee 0.02-0.03 
Marine teleosts: j.c08 Selo emeee oon ee ee OCU TEOROLS 
Marine turtle: Stee Si.8 cote eee ieee eee 0.014 
Brest water turtles aceite eee eee 0.007-0.018 
Birdse ay ee 5 ee ee ene 0.013-0.016 
Human fluids and tissues 
Urine. oe to eas TR ee ee 0.014-0.033 
Aqueous humor, of eye 01 < i. .0. oie dees oe 014 OUI 
Bile. Sin section. Coe eo a te OE CORO TRUS 
Lymphiv ic son [tbat tie hig hae oe eee 
Salivia 4..nciu eae a eee ee 0.007-0.014 


OLIN Gia classes aR en cae ae eae cietece eee TDS. 


ee 
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Human fluids and tissues: 


O00 PE Re Pe eee ee oe ne 0.006 
iINitisclomentee er matt ee ose ce 0.006 
PON ee Pe aes Ween Vaan sary «xs. 0.008 
ral nee eee ere. ke O04 
[CnC On aes Lt ee ee 2 0,002 
ealtntisci Gases Seer ee 0, OOTH 
NISClersneo Ly he etre te ee ee i) ONE 
Ronee rere re ee eee tO. 0004 
Mean aianaserin mee ree te ee: ae ee... 0/012-0,..015 
DD ettOnN at amar yam re we: a alt. Se, OO8=0010 
Cores ona) eer eee ee hoe ee 0, 004-0:.006 
ee ee art ees ont os av a's os 0..008-0.01 


PLANT JUICES 
Harris, Gortner, and Lawrence determined the ratio of elec- 


tric conductivity to lowering of freezing-point (*) of the ex- 


pressed leaf-tissue juices of a large number of plants growing 
under widely diversified conditions (xerophytic, mesophytic, and 
hygrophytic), and found a considerable variation, the ratio in 
herbaceous plants being about 90 per cent. higher than in lig- 
neous. The osmotic concentrations in the ligneous plants were 
greater than in the herbaceous, while the specific conductivities 
(x) of the latter were of a greater magnitude. This indicates that 
electrolytes play a more prominent réle in the osmotic pressure 
of herbaceous plants than in ligneous plants in which organic 
compounds play a prominent réle in the osmotic pressure. 


BLOOD 

Blood is a heterogeneous system, each phase having its char- 
acteristic specific conductivity. G. N. Stewart found that the 
corpuscles are very poor conductors. He measured the con- 
ductivity of blood, and calculated the volumes of cells and serum 
by means of his formula: 

100 — vol. per cent. = oe (180 — 7p — V7) (1) 
Clerk Maxwell devised a formula for conductivity in a hetero- 


geneous medium: 
_ 2a + & + 1 (m% — &) 


= 2 
2a + Q2 — 2r (a — OQ) 2 
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in which Q represents the specific resistance of the system, 0 
the specific resistance of the disperse phase (“disseminated spheres”’ 
of equal radii), 2, that of the medium, and r the ratio of the vol- 
ume of all the small spheres to that of the suspension. Their 
radii must be small compared with their distances. 

Greene tested on bacterial suspensions the following form of 
Maxwell’s formula suggested by MacDougall: 


OL ae Ae 
fo 
tas OL 

20 + Q 


in which Q, is the specific resistance of the cells; Q2, the resistance 


Fig. 28.—Diagram to show electric conductivity of a diphasic system with 
the elements of the phases arranged as resistances in parallel. 


of the medium; Q, the résistance of the suspension of cells in 
the medium, and r, the fraction of the total volume occupied 
by the suspended cells (assumed to be spherical). By multiply- 
ing both numerator and denominator in (3) by the expression 
(20, + Q) the formula becomes the same as Maxwell’s. 

Lichtenecker and others (studying amalgams), on analogy 
with small cubes arranged in geometric patterns in a space lattice 
representing the total volume of the heterogeneous system, cal- 
culated the maximum and minimum resistances that could char- 
acterize the system. He first considered the special case in which 
the volume of each phase is 50 per cent. of that of the total. 
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The use of the calculus may be avoided by the following ar- 
rangements: 

Figure 28 represents the resistance of the system at a minimum, 
and its value may be calculated from the formula for resistances 
of conductors in parallel. Therefore 

es 2002 (4) 
ti + : 
when © equals the resistance of the system, and Q and Q) 
those of the two phases. 


Fig. 29.—Diagram to show the electric conductivty of a diphasic system with 
the elements of the phases arranged as resistances in series. 


Figure 29 illustrates the arrangement in which the resistance 
would be greatest. Its value would be derived from resistances 
in series and would be: 


: 2 


When the resistances of the two phases were not greatly dissimi- 
lar, as in case of the amalgams used by Lichtenecker, and the 
cubes occupied one-half the space, 2 was experimentally found 
to be the mean of that computed in (4) and (5). When the ratio 
of the two phases was some other value than 1:1, formula 5 
(maximum resistance) becomes: 


Q = 10 + MQ (6) 


and formula 4 (minimum resistance) becomes: 
21 
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Oi Q2 

ee es 7 

4 MQ + 1102 ( ) 

for the minimum value, where r; and rz equal the ratios of the 
volumes of the two phases to the total volume: 


(ry + re = 1) 


Hugo Fricke developed a new formula for electric conductivity 
of heterogeneous systems based on the assumption that the effec- 
tive conductivity is the average conductivity (a volume average). 

Gram and Norgaard determined the electric conductivity of 
blood by measuring the circuit that flowed through it with a 
constant voltage of 110 volts. They used a direct current, meas- 
uring the transient current within a few seconds after closing 
the circuit. They determined the concentration of the chlorides 
of the blood and that of an aqueous solution of sodium chloride 
of the same conductivity as the blood (NaCl equivalent of con- 
ductivity). They found that the ratio 


titrated NaCl 


NaCl equalent sticontitetiaty aie 2 as 


Increased viscosity of the solution decreases the conductivity, 
and Bugarsky and Tangl observed that 1 per cent. serum-protein 
reduces the electric conductivity 2.5 per cent. 

None of the formule showing the relation of the conductivity 
of blood to the conductivity of cells and serum as affected by the 
cell volume are correct for high values of cell volume. Oker-Blom, 
Fraenckel, and recently, Gram, have drawn curves showing 
the cell volume on the ordinate (up to about 70 per cent.), and 
the ratio of the conductivity of serum to that of blood on the 
abscissa. Calculations may be made graphically by using such a 
curve. 

G. N. Stewart observed that if the blood-corpuscles are in- 
jured there may be an increase in conductivity of the blood. 
The marked injury to the corpuscles that occurs in hemolysis 
causes an increase in conductivity of blood. In hemolysis many 
substances, including the oxyhemoglobin, diffuse out, leaving 
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only the ghosts of the corpuscles. The ghosts of the corpuscles 
apparently offer very little resistance to the diffusion of ions. 
The oxyhemoglobin that diffuses out of the corpuscles decreases 
the conductivity of the blood-plasma, but this decrease is rela- 
tively small compared with the increase due to the increased 
conductivity of the corpuscles. 

What is the mechanism of this increase in conductivity? 
This question may apparently be answered by the answer to 
another question: What causes the enormous electric resistance 
of the blood-corpuscle? If a blood-corpuscle is permeable to 
anions or cations it will conduct the electric current, and if it 
does not conduct the electric current it is necessarily impermeable 
to both the anions and the cations. Therefore the increase in con- 
ductivity must be due to greater permeability either to the anions 
or to the cations, or to both. Some data that we have taken 
up have shown that the corpuscles are permeable to chloride 
and sulphate ions, but the rate at which these may pass has not 
been measured except by the conductivity method, and the rate 
must be low, since the conductivity of the corpuscle is low. 

When a continuous electric current is passed through blood, 
anions move in one direction and cations in the opposite direc- 
tion. If the current attempts to pass through the corpuscles the 
anions and cations are retarded at the boundary of the corpuscle 
with those on the outside, unable to get in freely, and those on- 
the inside unable to pass out freely, resulting in a heaping up of 
anions and cations at two points. From the points of entrance 
and exit of the current the ions tend to diffuse back so as to 
equalize the concentration. This diffusion-pressure produces a 
resistance to the current and is measured as electric resistance. 

If blood-corpuscles are placed in a sugar solution the salts 
inside do not diffuse from them because the cations cannot get 
out. If the anions come out, they leave the charge of the cor- 
puscle positive and this positive charge attracts them in again, 
so that as long as the corpuscle is impermeable to cations the 
salts will not diffuse out of it into a sugar solution. But it is 
probable that the anions diffuse only very slowly even when not 
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held back by cations, since the conductivity of the corpuscle in 
serum is very low. 

Since the corpuscle is poorly permeable to ions, the direct 
current does not show us whether the entire cell is non-conducting, 
or merely the external layer. But if the corpuscle is of the nature 
of a sphere with the surface non-conducting and the interior more 
highly conducting, there would be less impedance to the alter- 
nating current the higher the frequency. The dielectric current is 
limited by dielectric saturation. It can pass in one direction at 
any given voltage until saturation is reached. With slow alterna- 
tions (7. e., about 1000 cycles) the dielectric current might be in- 
significant. With more rapid oscillations, radio-frequency, it is well 
known that the dielectric current must be taken into account. 

Hober attempted to determine the conductivity of the interior 
of blood-corpuscles by means of an alternating current, using 
damped waves of radio frequency. His first experiments were 
made with the secondary circuit constructed symmetrically with 
two condensers of capacity C; and C; connected in series. So long 
as C, equals C, the mid-point of the wire connecting the con- 
densers should be at zero potential, but if blood-corpuscles are 
inserted between the plates of one condenser, the mid-point of 
the wire would not remain at zero potential as shown by a null- 
instrument. 

In the second series of observations, Héber used a beaker of 
blood-corpuscles as the core of a solenoid in his secondary cir- 
cuit, measuring the damping effect on the current at a given elec- 
tromotive force and frequency. He then substituted a beaker of 
salt solution in which he varied the salt concentration until a 
sumilar effect was produced. 

In the third series of experiments, Héber modified his circuit 
so he could use small quantities of blood and avoid the possi- 
bility of error due to non-uniformity of the field when the solu- 
tion was used as the core of the solenoid. In this case he placed 
a smaller condenser in parallel with the main condenser in the 


secondary circuit and placed the solution between the plates of 
this condenser. 
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In a still further series of experiments Héber employed a 
conductivity cell consisting of a glass tube 27 cm. long with an 
inner diameter of 9 mm. and holding about 7.5 cc. of solution. 
It was connected in parallel with the solenoid instead of with the 
condenser of the secondary. 

Hober recorded his results in terms of concentrations of NaCl 
which produced similar effects. At low frequencies, the con- 
ductivity of blood-corpuscles in 10 per cent. cane-sugar solution 
was equivalent to 0.02 per cent. NaCl solution and at high fre- 
quencies equivalent to 0.1 per cent. to 0.4 per cent. NaCl solution. 
Muscle gave results somewhat similar, being equivalent to 6.1 
to 0.2 per cent. NaCl solutions at high frequency. 

Owing to the fact that high frequency apparatus has been 
very much improved, and it is now possible to obtam undamped 
alternating currents of any desired frequency, it seemed desirable 
to make some new determinations. McClendon attempted to 
observe a difference, if any exists, between the conductivity of 
erythrocytes as measured by continuous currents in contrast to 
that measured at about one thousand cycles per second. Calomel 
electrodes of large size were used to prevent polarization. Auto- 
matic apparatus reversed the current every fifteen seconds and 
the final reading was verified during one fifteen-second interval. 
The electrode vessels were separated from the erythrocytes by 
means of agar gel made up with saturated potassium chloride 
solution. A Wheatstone bridge method was used. No difference 
in conductivity with direct current and with a thousand cycles 
could be established with certainty. A million cycle current was 
produced by an electron tube oscillator. A very simple and sym- 
metrical bridge was constructed in which the metallic resistances . 
were straight wires and the detector was a crystal detector and 
sensitive galvanometer. It was found that the specific conduc- 
tivity of a sediment of ox erythrocytes washed in 10 per cent. cane 
sugar solution was the same as a 1.002 N KCI solution at one 
thousand cycles per second, and was the same as a 0.01 N KCl 
solution at a million cycles per second. 

“Hugo Fricke has made some calculations of the capacity 


326 PHYSICAL CHEMISTRY 


reactance of living cells. In order to interpret his data as capacity 
reactance, certain assumptions had to be made and the reader is 
referred to the original.” 

A suspension of corpuscles acts as two conductors in parallel 


and the admittance Y = 3 equals the sum of the admittances of 


the two conductors y; and y. The reactance of the suspension 
of blood-corpuscles cannot be reduced to 0 because we cannot in- 
troduce inductance inside the blood-corpuscle but the higher the 
frequency the less the reactance since X;, is zero and X¢ varies 
inversely as the frequency. Therefore, the impedance decreases 
as the frequency increases. There is another cause for the de- 
crease in impedance with increased frequency and this is the 
decrease in counter electromotive force due to the banking of 
ions against the dielectric. K* and Cl” at 25° and about 12 volts 
per centimeter, move about 0.1 mm. per second. The shortest 
diameter of the blood-corpuscle is about 0.001 mm. Therefore, 
these ions traverse this distance in about 0.01 second. With a 
frequency of 1000 per second, nearly 5 per cent. of the ions be- 
tween these two walls 0.001 mm. apart would be banked against 
the membrane and give rise to a counter electromotive force. 
With a frequency of a million, the counter electromotive force 
would be only 0.001 of this. 


EGG CELLS 


The electric conductivity of the sea urchin’s egg increases when 
it is fertilized or caused to develop artificially. The sea urchin’s 
egg is a single cell and when it is first extruded it resembles the 
blood-cell to some extent in that its electric resistance is high. 
That is to say, the conductivity is low. McClendon measured 
the electric conductivity of the sea urchin’s egg at the Carnegie 
Laboratory at Tortugas, Florida. Although the eggs could not 
be packed so that there was no sea-water between them, the 
packing could be standardized by putting the same number of 
eggs in the same space by means of centrifugal force. On fer- 
tilizing the eggs there was a very marked and constant increase in 
conductivity. Increase in conductivity took place also if instead 
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of fertilization with spermatozoa, the eggs were caused to develop 
by treating them with dilute acetic acid solution and then washing 
them in sea-water. 

These experiments were confirmed and extended by James 
Gray at Plymouth, England. Instead of centrifuging the eggs, 
Gray kept them suspended. In numerous experiments Gray 
observed that both natural and artificial fertilization caused an 
increase in the electric conductivity of the Echinoderm egg. After 
about fifteen minutes the conductivity of the egg decreased, to 
increase again at each cell division. He went further in his ex- 
periments in order to determine the mechanism of the increase. 
His explanation of the mechanism is somewhat hypothetical and is 
as follows: Treatments of the egg that change its conductivity, 
such as exposure to solutions of trivalent cations or anions or to 
hydrogen or hydroxy] ions, cause a change of electrical polariza- 
tion of the surface resulting in a change in permeability to ions. 
This may seem to be the reverse of Lillie’s idea that the semiper- 
meability of the membrane to ions is the cause of polarization. 


MUSCLE 


The electric conductivity of skeletal muscle was found by 
McClendon to increase about 10 to 20 per cent. on stimulation 
of the muscle. The muscles of the frog’s thigh were placed tightly 
between platinum electrodes and the conductivity measured 
first with too little alternating current to cause contraction and 
then with the current increased to the tetanizing value. The 
technic of the experiment was complicated by the fact that when 
the muscle is stimulated it remains in the stimulated condition 
only a fraction of a second and therefore the conductivity had to 
be measured during this short period. The only method by which 
this could be done was to stimulate the muscle with the same cur- 
rent used in determining the conductivity. By using an alter- 
nating current the muscle was stimulated each time the current 
was reversed and by increasing the alternations per second the 
muscle could be kept perhaps 50 per cent. of the time in the 
stimulated condition. A source of error in the experiment is that 
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when the muscle is stimulated it contracts and changes in shape, 
but the change in shape would probably not account for the large 
differences observed in the conductivity. Excitation without 
contraction was observed by Veach and Pereira, using rapid al- 
ternations. Weiss observed loss of phosphate by frog’s muscle 
due to sub-minimal electric stimuli. According to Emthoven the 
contractile process is effected but the contraction is too weak to 


be observed. 
PLANT TISSUES 


The electric conductivity of marine plant tissues has been 
studied extensively by Osterhout and his pupils. The study of 
electric conductivity of these tissues of marine plants (as con- 
trasted with other plants) is simplified by the fact that they do 
not show a blaze current—7. e., a current of action (Waller). 
The electric conductivity of a leaf of seaweed, however, is not 
due entirely to that of the cells because the cells do not touch 
one another but are imbedded in a mass of agar gel or cell wall 
substance, the conductivity of which is probably very high. 
Kotte observed that the cell wall of the seaweed, Cheltomorpha, 
retained its normal thickness in a solution containing 4 molecules 
of Ca per 100 Na, but swelled to 2.5 times its normal thickness 
in pure NaCl solution. The distance between the cells, that is 
to say, the space filled with the agar gel, varies in different layers 
of cells of the same leaf. Osterhout did not observe a swelling in 
NaCl. Osterhout observed that sodium ions in pure solution of 
sodium salts increased the conductivity. Up to a certain point 
the change in conductivity was reversible, but upon greater in- 
crease death occurred. Calcium salts decreased conductivity 
temporarily, but upon long exposure or exposure to high con- 
centrations the conductivity increased enormously and death 
occurred. The increase of conductivity in solutions of sodium 
salts could be reversed by addition of calcium ions. This antag- 
onistic action extended to many ions and undissociated molecules. 
Na* and OH7 increased, Ht, Ca**, Lacie) Cela e.Veeicanad 
Al*** decreased conductivity when used within physiologic limits. 
Pure solutions of any salt were toxic and finally caused increase 
in conductivity. 
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Waller observed increased electric conductivity of sensitive 
plants during stimulation, in which state they showed a blaze 
current. Ebbeche and Hecht (1923) confirmed these observations. 


BACTERIA 


The conductivity of bacteria was studied extensively by 
Green. Green observed that when bacteria are killed by heat or 
formaldehyde in the medium in which they are grown, the con- 
ductivity of the medium is increased, and that when bacterial 
cells are added to fresh medium the resistance of the medium is 
increased. Live bacterial cells increase the resistance of the 
medium to a greater extent than do dead cells, but this differ- 
ence is not very marked and may partly be explained by the fact 
that the live cells are slightly larger than dead cells. When 


* dead bacteria that have lost salts are added the rise in resistance 


is proportionately much greater. When the cells are alive and 
have been grown in a medium containing not over 0.5 to 1 per 
cent. NaCl, salts cannot be washed out of them with distilled 
water, but salts can readily be washed out of them if they are 
killed. If the bacteria have been grown in a high concentration 
of salt, they seem to be injured by lower concentrations or by dis- 
tilled water so that the salts come out of them. A typical experi- 
ment is formed as follows: 

1. Grow bacillus coli on 0.5 per cent. NaCl in agar. 

2. Wash the bacilli with 0.5 per cent. NaCl, centrifuge 
and re-wash with the same solution. Remove the precipitate of 
bacteria from the centrifuge. 

3. Add an equal volume of 0.5 per cent. NaCl and mix thor- 
oughly. 

4, Determine the conductivity of this suspension. Also deter- 
mine the conductivity of the medium from which the bacteria 
were separated by the centrifuge. (Green found that the con- 
ductivity of the suspension is much less than that of the medium.) 

5. Heat the suspension in order to kill the bacteria and bring 
the temperature back to normal. 

6. Determine the conductivity of the suspension of dead bacteria. 
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7. Separate the dead bacteria by means of the centrifuge and 
determine the conductivity of the supernatant medium. 

Green found that the conductivity of the dead suspension is 
considerably greater than the conductivity of the original medium. 
The conductivity of the supernatant medium taken from above the 
dead bacteria is considerably greater than that of the dead sus- 
pension. This increase in conductivity of the medium in which 
the bacteria have been killed is due to the fact that salts have 
diffused out of the dead bacteria—a fact which may be deter- 
mined not only by electric conductivity but by quantitative anal- 
ysis of the several salts which have diffused. That is to say, the 
chlorides, sulphates and phosphates of sodium, potassium, cal- 
cium and magnesium have diffused out. This shows that living 
bacteria may take up and store salts on the inside of them to a 
higher concentration than exists in the medium. The ability of © 
living cells to do this is rather generally known, and is the basis 
of the kelp-potash and iodine industry, the kelp storing up potash 
to an enormously greater concentration than exists in the sea- 
water and concentrating iodine even more highly. In order to 
hold the salts inside at this high concentration some barrier to 
their exit must be set up. 

Shearer worked on electric conductivity of bacteria but did 
not arrive at the same results as found by Green. Shearer was 
not able to determine any electric resistance due to bodies of 
dead bacteria. Whether this failure was due to the fact that the 
suspension was too dilute is not clear. As mentioned above 
even protein in solution offers an electrical resistance by increas- 
ing the viscosity, and dead bacteria contain some protein. The 
experiments of Shearer in regard to antagonistic effects of ions 
confirmed those of Osterhout, or rather extended Osterhout’s 
experiments on sea-weed to bacteria. Shearer found some corre- 
lation between conductivity and virulence in the case of some 
pathogenic bacteria. The virulence decreased in the presence 
of monovalent salts (which had been shown to increase conduc- 
tivity) and increased upon addition of a small trace of Ca. In 
general, he found that the resistance of the solution increased in 
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proportion to the bacteria present (volume ratio). His experi- 
ments along this line, however, were not quantitative. 


YEAST 


Green, in conjunction with Johnson, studied the conductivity 
of yeast. They found that dead yeast cells raised the resistances 
of the media appreciably when suspended in them, but not to so 
great an extent as did the live cells. They point out that there 
are three factors concerned with the drop in resistance of a cel- 
lular suspension on death: exosmosis of salts, decrease in size of 
cells with a resultant decrease in ability to displace a better 
conducting medium, and increased conductance of the cells. 
Shrinkage in yeast cells upon death was greater than in bac- 
terial cells, and hence was probably an appreciable factor in the 
decrease in resistance observed on heating the suspension. The 
magnitude of the resistance offered by the yeast cells was also 
dependent upon the strength of the electrolyte suspending them. 
When no change took place in the resistance of the medium on 
death of the cells, Johnson and Green interpreted their results 
to mean that the concentration of the menstruum probably rep- 
resented the concentration of the diffusible salts inside the cell. 
If the concentration of salts outside of the cell differed from that 
inside, diffusion would occur on death of the cells in the direction 
of higher to lower concentration and hence cause a corresponding 
rise or fall in the resistance of the medium. 


NERVE 


The relation between electric conductivity and the rate of 
the nerve impulse was discovered by Mayor. Mayor found that 
certain nerve preparations that behaved normally in sea-water 
were affected by dilution of the sea-water in such a manner that 
the decrease of electrical conductivity of the sea-water was pro- 
portional to the decrease in the rate of the nerve impulse. ‘This 
parallelism was not complete, however, as with all vital phe- 
nomena it holds only within certain temperatures. Some lack 
of parallelism is to be expected because very high temperatures 
or very low temperatures kill the nerve. The cause of the rela- 
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tion found by Mayor between electric conductivity of the medium 
and rate of the nerve impulse might be harmonized with R. 8. 
Lillie’s theory of nervous conducticn as follows: The nerve may 
be stimulated by an electric current and when it is stimulated 
it sets up a little current within itself similar to the local action 
current due to scratching a passive iron wire. This local action 
current is transmitted by ions in the medium and stimulates an 
adjacent portion of the nerve. The greater the electric con- 
ductivity of the medium the more rapid the transmission of the 
local action current (in case of the passive iron wire), and hence 
the more rapid the spread of the stimulated area, or in other 
words, the more rapidly the nerve impulse is propagated. 


THE PSYCHOGALVANIC REFLEX 


It was shown by Gildemeister and his pupils that the electric 
resistance of the body is chiefly due to the resistance of the skin 
and is greater the lower the frequency of the alternating current, 
being greatest with direct current. This indicates that the re- 
sistance is due to membranes which become polarized by the 
current. 

Moderate doses of anesthetics increased the resistance to 
currents of low frequency. The same action was produced by 
small amounts of the salts of rare earth metals. Lethal doses of 
anesthetics and powerful electric currents decreased the resistance. 

It has been observed that if a person becomes mentally agi- 
tated, as on hearing bad news, the electric resistance of the body 
decreases. This is called the psychogalvanic reflex by psychol- 
ogists and clinicians. Gildemeister (1915) showed that the de- 
creased resistance is due to the activity of sweat glands. Schwartz 
(1915) showed that the electric resistance of frog’s skin is decreased 
when the nerves of the skin are stimulated. 

Ebbecke (1922) observed that the electric conductivity of 
living nerve tissue to direct current is increased around the cathode 
and decreased around the anode. If both electrodes are laid on 
the living nerve these effects counterbalance one another, but if 
the nerve is killed around one electrode, the effect of this electrode 
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is abolished and the effect of the electrode on the living nerve is 
made evident. 


OTHER EVIDENCE OF CHANGES IN PERMEABILITY 


It was shown by Lillie that the pigmented cells of Arenicola 
larvee lost their pigment into the surrounding water when they 
were stimulated and he interpreted this as an increase in per- 
meability. Blood-cells lose their pigment when hemolyzed but 
they are killed in the process. Cells of red beet lose their pigment 
when stimulated but the degree of injury has never been deter- 
mined. Lyon and Shackell showed that dyes penetrate fertilized 
sea urchin eggs more rapidly than unfertilized. .The previously 
mentioned observations that the permeability of the sea urchin’s 
egg increases when it is caused to develop was confirmed on the 
eggs of the frog and certain fish that lay their eggs in fresh water 
(McClendon). The frog’s egg may be caused to develop by means 
of an electric shock and this process does not add any electrolytes 
to the water. Electrolytes, however, diffused out of the egg into 
the water, and were detected by chemical means, whereas they did 
not diffuse, at least not so rapidly, out of unstimulated eggs. 
_ This explains the results of Bachmann and Runnstrom who found 

that the osmotic pressure of frog’s eggs greatly decreased on 
fertilization. 

Tennent made observations from which he concludes that the 
spermatozoa of some Echinoderms cause greater increase in per- 
meability of the eggs they fertilize than do spermatozoa of other 
species. Under ordinary conditions, cross-fertilization does. not 
occur or does not lead to development of the egg. He was able to 
cross-fertilize successfully by treatment of the eggs with certain 
electrolytes. Osterhout has shown that some of these electrolytes 
increase permeability and others decrease permeability. ‘Tennent 
assumes that this applies to Echinoderm eggs and explains the 
action in making cross-fertilization successful by assuming that 
the permeability change is the algebraic sum of the effects of 
spermatozoa and electrolytes and that the proper degree of per- 
meability assures the success of cross-fertilization. 
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Richards and Packard observed that mild treatment with 
gv-rays May cause increase in the permeability of cells, according 
to their interpretation. 

Hamburger and Alous observed that removal of Ca from the 
perfusion fluid caused increase in permeability of the kidney for 
glucose. Ca could be substituted by Sr or Ba but not Mg. 

Banus observed increase in permeability of the water-plant 
Spirogyra to sulfonic acid dyes during the passage of alternating 
or transient electric currents through the water. If after the 
stimulation the Spirogyra remained for a time in a solution of acid 
fuchsin or cyanol and was then transferred to pure water, the dye 
was trapped and could not get out of the cells unless stimulated 
again. Lund obtained microscopic evidence of change in the 
plasma membrane of the protozéon, Noctilucca, on electric 
stimulation. 

ANESTHESIA 

The power of anesthetics in restraining the activity of the 
central nervous system, especially the reflex and voluntary activ- 
ities which they affect in lower concentrations than those affect- 
ing other organs, is well known. Since the higher animals die as 
soon as the activity of the respiratory center ceases, and under 
artificial respiration as soon as the heart-beat ceases, it is possible — 
in the intact animal to study the effects of anesthetics only on 
certain nerve synapses—2. e., structures whose threshold of anes- 
thesia is lower than that of the heart mechanism. Anesthetics 
in higher concentrations suspend the activity of animals lacking a 
nervous system, as well as the movements of plants. 

Overton (1901) observed that vertebrates, insects, and ento- 
mostraca (small crustacea) require almost the same concentration 
of anesthetic in order to suspend reflex excitability, whereas cer- 
tain groups of worms require double this concentration. Protozoa 
and plants require, in order to suspend their activities, six times 
the concentration of anesthetic required to anesthetize vertebrates. 
From Warburg’s data, the concentration of anesthetic necessary 
to reduce the oxidation of goose-erythrocytes 30 to 70 per cent. 
is about six times the concentration necessary to anesthetize 
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vertebrates. It follows from this that protozoan and plant cells 
react to anesthetics, not like nerve synapses but like mammalian 
cells. 

Hober first clearly stated a theory of anesthesia based on per- 
meability. He expressed the idea that stimulation consists in an 
alteration of the state of the colloids of the plasma membrane in 
such a way that permeability is increased. Anesthetics act upon 
the colloids in such a way that this increase of permeability is 
prevented. Hdober believes that the lipoids such as lecithin are 
the colloids affected and that narcosis is brought about by the 
solution of the anesthetic in the lecithin, resulting in a stabilizing 
of the colloid concerned in stimulation. Héber showed that an 
antagonism exists between certain anesthetics, such as ethyl and 
phenyl urethane, chloral hydrate, chloroform and hypnon on the 
one hand, and rubidium and potassium salts on the other, the 
latter causing negative variation in frog’s muscle and the former 
preventing its appearance. 

Lillie working with Arenicola, a marine annelid, observed 
that outward diffusion of a brown water-soluble pigment may 
occur under conditions of increased permeability as mentioned 
before, and that this diffusion failed to occur in the presence of 
certain anesthetics. He transferred the larve from sea-water to 
pure isotonic sodium chloride solution and obtained strong mus- 
cular contraction accompanied by a well marked loss of pigment. 
If, instead of pure sodium chloride, a little of the anesthetizing 
salt, magnesium chloride, was added, neither contraction nor loss 
of pigment occurred. Later, Lillie observed a similar occurrence 
in the case of Arbacia eggs, pure solutions of certain salts causing 
an outward diffusion of pigment and certain anesthetics added to 
the solutions preventing the diffusion. He interpreted these re- 
sults as showing that anesthetics prevent the increase of per- 
meability normally produced by certain salts such as sodium 
chloride. 

S. Loewe (1913) observed that anesthetics decrease the elec- 
tric conductivity of lipoid membranes soaked in salt solution. 
These results are probably due to increase in size of colloidal 
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lipoid particles. Clowes (1916) supposes the plasma membrane 
to be an emulsion of lipoid in water that is changed by anesthetics 
to an emulsion of water in lipoid. 

Osterhout (1913) observed that small quantities of anesthetics 
added to the sea-water decrease the electric conductivity of sea- 
weed, and Osterhout (1919), Gildemeister (1920) and Ebbecke 
(1921) found this true of skin. Since Na increases the conductivity 
it seems probable that the anesthetic in the sea-water inhibits 
the action of the Na already present. 

Hemolysis consists in the loss of the hemoglobin from the red 
blood-corpuscles. Not only does the permeability to hemoglobin 
increase but as mentioned above Stewart (1899) has shown that 
the permeability to ions increases. Arrhenius and Bubonovic 
observed that anesthetics inhibit hemolysis by hypotonic solu- 
tions. Joel (1915) showed that anesthetics inhibit the permeability- 
increasing action of pure cane-sugar solution on erythrocytes. 

The eggs of certain fish are admirable for permeability studies, 
since they develop in distilled water, in which they neither swell 
nor lose salts. It had been observed that the permeability of 
Fundulus eggs may be increased by certain solutions of salts, 
alkaloids or other substances in concentrations that do not kill 
them (McClendon, 1912-1913). The eggs of the pike behave 
similarly. These eggs are impermeable to water or to salts, but 
when placed in 0.1 JJ NaNO; solution they lose chlorides, which 
pass out into the nitrate solution and may be estimated with 
Richards’ nephelometer. Three per cent. ethyl alcohol causes 
retardation in the development of these eggs and is therefore 
considered an anesthetic. If the eggs are placed in 0.1 M NaNO; 
solution containing 3 per cent. alcohol, only half the amount of 
chlorides diffuse out of them as When placed in pure 0.1 M NaNO; 
solution. The anesthetic inhibits the permeability-increasing 
action of the pure salt solution (McClendon, 1914, 1915). 

The skin current of the frog disappears when the skin is anes- 
thetized, indicating that the hypothetic increase in permeability 
of the outer surfaces of the gland cells during secretion may be 
inhibited by anesthetics. 
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It seems clear, therefore, that anesthetics inhibit the increase 
in permeability of the plasma membranes of the irritable ele- 
ments. In order for them to do this it is necessary for them to 
penetrate only the surface film of the cell. But anesthetics belong 
to the group of substances which penetrate cells easily, and the 
question arises as to their effect on the interior. Some experi- 
ments on catalysis are suggestive. If blood charcoal is mixed with 
a solution of oxalic acid containing atmospheric oxygen, the acid 
is burned to CO, and H.O. Blood charcoal contains mineral 
matter, including iron, which is not entirely removed by extrac- 
tion with HCl and we cannot say that it is the carbon that acts 
as the catalyzer. Warburg found that the catalytic power of 
charcoal varies with its power of adsorbing oxalic acid, hence the 
combustion probably takes place on the surface of the charcoal. 
He observed further that anesthetics (of the urethane series) 
inhibit the oxidation and explained this as due to the displacement 
of the oxalic acid from the surface of the charcoal by the anesthetic 
(which is adsorbed to a greater extent than the acid). McClendon 
confirmed these results, using charcoal extracted with concen- 
trated HCl followed by H,O for many hours. This charcoal was 
heated to redness and cooled in a CO.-free atmosphere. When 
placed in oxalic acid solution the charcoal adsorbed all of the CO, 
produced for a time, but after it had become saturated with this 
gas, the volume of O, used up was half the volume of the CO, 
given out. Amino acids may be burned in this way. 

Meyerhof (1914) observed that the catalysis of hydrogen per- 
oxide by colloidal platinum may be inhibited by anesthetics. Since 
the anesthetic did not reduce the number of particles of platinum 
seen in the ultramicroscope he concluded that it did not cause 
aggregotion but that the anesthetic displaced the H,O, from the 
surface of the platinum. 

Meyerhof (1915) showed that the action of invertase from 
yeast may be inhibited by anesthetics. The following table shows 
the concentration of anesthetic that reduced the inversion of 3 
per cent. cane-sugar solution 30 per cent.: 
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In this case the Tyndall phenomenon was increased, but this 
may have been due to the films of anesthetic on the invertase 
particles rather than to an aggregation of the particles. In har- 
mony with the view that the reduction in activity of the enzyme 
is due to the displacement, by the anesthetic, of the sugar from 
its surface, is the fact that if the concentration of the anesthetic 
is varied its effectiveness follows the typical adsorption isotherm. 
The concentration of anesthetic necessary to anesthetize tad- 
poles reduced the inversion about 20 per cent. 

If the anesthetics are added in greater concentrations to 
enzyme-containing extracts of cells, precipitation may occur. 
The enzymes are carried down in the precipitates, but it is not 
clear whether the enzyme is precipitated directly by the anesthetic, 
or protein impurities precipitated and the enzyme adsorbed by 
the protein. Battelli and Stern (1913) showed that anesthetics 
precipitate nucleoprotein. 

Warburg and Wiesel (1912) observed that anesthetics inhibit 
the fermentation by yeast juice, attributing this inhibition to the 
precipitation of the zymase, since the inhibiting and precipitating 
powers of anesthetics are parallel. However, live yeast requires 
for inhibition less concentration of anesthetic than is required by 
yeast Juice (or for precipitation of protein). 

Vernon (1912) observed that anesthetics are harmless to the 
indophenol-oxidase of chopped kidney until a certain concentra- 
tion is reached, above which they inhibit its action. The data of 
Batelli and Stern are given in the following table, as compared 
with the anesthesia of tadpoles by Overton and the reduction of 
the respiration of sea urchin eggs, fish sperm, goose erythrocytes, 
lymphocytes, liver cells, spinal cord, yeast and bacteria 30 to 70 
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per cent., by Warburg. The figures are the gram molecular con- 
centrations: 


Inhibition of | Precipitation Anesthesia of Inhibition of 


oxidation of n ¢ adpoles aspirati 
at 15° Gatland Grebe). ik ee. 
Methyl aleohol...........11.44 12.48 0.62 5 
Hthy alcohol. ean cusck 16.12 6.97 0.31 1.6 
Propyl alcohol. .......... 2.04 2.72 pala 0.8 
Isobutyl] alcohol oe 2206 no ppt. 0. 045 0.15 
Iso-amyl alcohol.......... 0.41 no ppt. 0.023 0.045 
Acetone... ... Soars ane 4.34 0.26 
Methylethy Iketone:...... 2.22 2.41 0.09 
Methy er ees Re aes Orr no ppt. 0.019 
Allyl alcohol. . oar 4.05 
Ethyl urethane. . 1.90 2.58 0.037 0.33 


This table shows that about six times the concentration of 
anesthetic effective on tadpoles is required to inhibit the respira- 
tion of goose erythrocytes. Gros (1910) found the same thing 
true for the anesthesia of peripheral nerves. It seems, there- 
fore, that the nerve cells of the tadpoles are not anesthetized, but 
the synapses are reduced to the same condition as during sleep. 
For anesthesia of nerve cells and reduction of the respiration of 
goose erythrocytes the same concentration is required, but for 
inhibition of the oxidases and precipitation of protein in Batelli 
and Stern’s experiments more than double this concentration 1s 
needed. In fact, the concentration used by Batelli and Stern is 
much above the lethal dose for cells. Warburg (1911) explains 
the fact that anesthetics inhibit enzymes, when contained in 
living cells, in lower concentrations than the same anesthetics 
inhibit the same enzymes in cell extracts, by the assumption that 
the enzymes within the cells are adsorbed to phase boundaries, 
the anesthetics becoming more concentrated at the phase bound- 
aries. If this explanation is correct we must make the further 
assumption that the enzymes in the cell extracts of Warburg are 
in true solution, whereas the invertase used by Meyerhof formed 
a colloidal solution because the invertase was inhibited by as low 
a concentration of anesthetic as is required to inhibit the respira- 
tion of the erythrocytes. . 


Various other processes concerned with internal activities of 
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cells have been reported as affected by anesthetics. These in- 
clude such changes as occur in response to electrical and chemical 
stimuli, protoplasmic rotation and absorption of carbon-dioxide 


Absorption rate (water -1) 


Hours 
Fig. 30.—Relative rate of O2 absorption of elodea in solutions of ether 
in darkness. Curve A, 1.5 per cent. ether; B, 3 per cent.; C, 5 per cent., and 
D, 8 per cent. (From Journal of Biological Chemistry.) 


Fig. 31.—Relative change of pH (due to CO: production by elodea) 
in solutions of ether in darkness. Curve A, 1.5 per cent. ether; B, 3 per cent.; 
C, 5 per cent.; D, 8 per cent. (From Journal of Biological Chemistry.) 


in plants, cell-division, artificial parthenogenesis in unfertilized 
eggs and even growth in plants and animals. Medes and Mc- 
Clendon tested the effects of various anesthetics on a number of 
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the activities of Elodea, such as oxygen consumption and carbon 
dioxide elimination (in the dark), photosynthesis, exosmosis of 
chlorides and rate of protoplasmic rotation (Figs. 30-34). They 
found that any given concentration of the anesthetic might affect 
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Fig. 32.—Diffusion of chlorids from elodea in solutions of ether. Curve 
A, 1.5 per cent. ether; B, 3 per cent.; C, 5 per cent.; D, 8 per cent. (From 
Journal of Biological Chemistry.) 


the various activities to different extents, in some cases even 
increasing some activities at the same time that others were de- 
pressed. Although other interpretations are possible, this would 
seem to indicate that anesthetics affect the phase boundaries 
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between or within the cells and thus modify processes going on 
at these boundaries. The fact that some process could be stopped 
while others continued would also seem to indicate this. 
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Fig. 33.—Rate of protoplasmic rotation in elodea in solutions of ether. 
Curve A, 1.5 per cent. ether; B, 3 per cent.; C, 5 per cent.; D, 8 per cent. 
(From Journal of Biological Chemistry.) 


Fig. 34.—Camera lucida drawing of elodea cells: 1, Normal cell; 2, cell 
exposed two hours to 1.5 per cent. ether; 3, cell exposed two hours to 3 per 
cent. ether; 4, cell exposed two hours to 5 per cent. ether; 5, cell exposed two 
hours to 8 per cent. ether; 6, cell exposed twenty-four hours to 0.1 per cent. 
chloretone. (From Journal of Biological Chemistry.) 


Although Battelli and Stern maintain that anesthetics precipi- 
tate protems Traube and Kohler (1915) and Traube (1915) 
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assert that anesthetics help in the solution of proteins. Traube 
had pointed out the relation of adsorption to anesthetic action. 
Kochmann observed that anesthetics shrink proteins. In the 
following table are arranged anesthetics according to their power 
of hastening the swelling and peptization of gelatine jelly (and 
retarding gelation of sols). It is found that with few exceptions 
they are in the order of anesthetic power, as shown by the figures 
in the last column, which represent the molecular concentration 
for anesthesia. 


Anesthetic concentra- 


Anesthetic. tion (Overton). 
PPORBOG Ne MME okie hh 6 cies ho oe vam 0 OOO00ST..M 
ee ee eee: ter Care. UO QQ00DS: 
Prep ltteslene artim! Noo. Ss Sr tweed. (0000065 
Chloroform. : Si ate Dae fe Bite ne MOLE ES 
Chloral hydrate (acid).....2.2.2.2.1....+4..-+ 0.006 
Bithopleet here: ier tere er er mene kee ett. OOk 
Ethyl chloride. . Neer ee ean ian i ie ae 0045 
Ciba eee ee. 0.0088 
Rrionsliwoee | eerie ee oe a gaeid what oaks 0.0064 
ligo-amiulual coho latent eek te eee we gos cha2y 0.023 
(ERAS UIebn Re gee ee ee as eae ota is os Aan Sey) Os OAL 
JsobutyMaleohole eer xe coerce css 0.045 
Methylethid ketone: esc7- 1.021202, ok otiapeeciets cieO:09 
Wthwikecetate (Acid) wats cm bien came > 0.03 
LS SUS cee oT a abe tae Dane aera 
Hci sie eet CPt eerie cen suse O's LL 
Acetone. . PES cc cats CHS HOt To Re ORE RENEE gee 8) 
Ethyl alcohol. . CR We Ma ne eer aoe 
Methyl RS ptM ine i AO ate Coe hole: 0.57 


Perhaps the anesthetics protect the gelatine from the precipi- 
tating action of accidental impurities. On the contrary, if im- 
purities hold a protein in solution the anesthetic might then 
help precipitate the protein. This may explain the opposite 
effect of anesthetics on nucleoprotein solutions. 

This action of anesthetics in displacing other substances from 
the surface film probably explains the observation of Abl (1907) 
that they reduce the electrolytic solution tension of cadmium, and 
the observation of Grumbach (1911) that they reduce the contact 
potential between dielectric and electrolyte. 

The action of anesthetics on living cells may be explained by 


344 PHYSICAL CHEMISTRY 


the same assumption—1. ¢., that they cover the plasma membrane 
with a film that protects it from change, entering the cell and 
displacing enzymes or reacting substances from the phase boun- 
daries where these reactions occur more rapidly than elsewhere. 
The synapses that have to do with consciousness are more sensi- 
tive to anesthetics than are either plasma membranes or these 
enzyme reactions. Anesthesia requires only one-sixth the con- 
centration that is required to inhibit cell activities in general. 

This hypothesis also explains the relation between anesthetic 
power and surface tension. The generalization that the more an 
anesthetic lowers the surface tension of water the greater is its 
anesthetic power is nearly correct, because of the fact that anes- 
thetics that lower the water-air surface tension are adsorbed to 
many water-solid or water-liquid surfaces. 

According to Overton (1901), anesthetic power varies with the 
partition-coefficient of the anesthetic between lipoid and water. 
This partition-coefficient has never been determined, but these 
authors have been content with the partition-coefficient between 
olive oil and water or between some solution of lipoid and water. 
In many cases even this was not determined, but the ratio between 
the solubility in lipoid solution and in water was substituted. It 
seems generally true that substances that lower the surface tension 
between water and air very greatly, have a partition-coefficient 
in favor of oil and are therefore soluble in oil—they are also soluble 
in many other organic solvents. The solubility of an anesthetic 
in lipoid solutions seems to be due to the fact that it is adsorbed 
by the colloidal particles of lipoid so that the solution can hold 
more anesthetic than the solvent (benzene, etc.) can. Thus ad- 
sorption appears to be the basis of the whole matter. 

In some cases the partition-coefficient of the anesthetic be- 
tween cells or tissues and water has been determined. Warburg, 
by this means, concluded that the erythrocytes consist of a larger 
volume of watery phase than of lipoid phase. 

It has been shown by a number of investigators that alcohol, 
ether, chloroform, chloral hydrate and acetone become more 
concentrated in nerve than in other tissue, this being used to 
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explain the ease with which the central nervous system may be 
anesthetized. The nervous system, however, stores the anes- 
thetic partly in lipoids which are more abundant in the white 
matter forming the myelin sheaths of the nerves. The nerve 
fibers are no more easily anesthetized than non-nervous cells 
(Gros). Nerve impulses are still transmitted in the anesthetized 
body, only certain nervous processes being stopped, as in sleep. 
This stoppage may be explained by the assumption that certain 
synapses are affected by the anesthetic. 

Many anesthetics, even in the optimum concentration, have 
not only an anesthetic but also a toxic action, so that prolonged 
anesthesia is harmful. This is characteristic of all anesthetics 
with acidic or basic properties—the alkaloids, for instance, whose 
chemical affinity may explain their selective action on certain cell 
structures. Other anesthetics are decomposed in the body into 
harmful substances. Esters are hydrolyzed with the liberation of 
acids. 

But even the purest types of anesthetics are toxic if the anes- 
thetizing dose is exceeded. This toxic action is manifested by 
increase in permeability, which is reversible only if very slight and 
momentary. 

When ether is given to an animal, a stage of excitement some-_ 
times precedes that of narcosis. Hamburger (1912) observed that 
ameboid motion is increased by minute doses of anesthetics. 
Johannsen (1906) observed that lilacs sprout earlier after treat- 
ment with ether vapor. Medes and McClendon observed that the 
respiration of a plant, elodea, is increased by anesthetics. Further 
examples of the stimulating action of anesthetics are given by 
Carlson (1906), Vernon (1912), Tashiro and Adams (1914), Lee 
(1903), and Lee and Salant (1902). 

The table on page 346 (modified from Lillie, 1916) summarizes 
the effect of anesthetic alcohols on various processes, giving the 
effective molal concentrations. 
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Effect. Methyl. | Ethyl. | Propyl. | Butyl. | i:Amyl. 

Narcosis of tadpoles (Overton)....| 0.57 | 0.29 | 0.11 | 0.038 | 0.023 
Phototropism of Daphnia (Loeb). .} 0.6 0.2 0.075 | 0.04 
Inhibition of sea urchin eggs 

(Fithner).. ....{ 0.721 0.41 | 02136 | 0.045 
Retardation ‘of fish. ‘eggs “(Me- 

Clendon). . Soe Wp eoy ree ae MO AUIS 
Half rate of turtle ventricle (Ver- 

non).. eee | hie: 0.53 | 0.28 0.05 0.02 
Narcosis of ‘Daphnia (Loeb). Raines 1.2 0.6 0.2 0.12 | 0.04 
Inhibition of sea urchin eggs 

(Lillie). . ye ae 0.87 | 0.27 | 0.086 | 0.037 
Narcosis of worm lawyer (Lillie). . DD) ils il 0.34 | 0.09 | 0.03 
Depression of invertase (Mey erhof) 3.0 1.3 O25 O52 (aeUsat 
Half oxidation in erythrocytes 

(Warburg). . 5.0 1.6 0.8 0.15 | 0.045 
Ppt. nucleoproteid Gartelli and 

Stern). . 5.7 2.38 | 1.12 0.45 0.21 
Inhibition of ‘ether-yeast _ (War- 

burg).. B00) ob. ite [teen oes 
Kills rauisele ‘oxidon (Bartelli and 

Stern). . 7.54 | 3.57 | 1.16 | 0.44 | 0.19 
Kills indophenol oxidase (Vernon). 12.0 6x4 spo at: 0.61 
Reduce surface tension to 0.5..... 14.0 5.0 1.6 0.46 | 0.14 


BIOELECTRIC PHENOMENA 


It was observed by DuBois-Reymond (1848) that when a 
nerve or muscle is cut across and electrodes applied, one to the 
cut end and the other to the uncut surface, the so-called current 
of injury, whereas variable, is often about 0.06 volt. In order to 
explain this phenomenon this investigator postulated a polarity 
of the tissue, that is to say, he supposed that it was made up of 
molecules electropositive on one end and electronegative on the 
other end, and the electropositive ends were all turned toward the 
outside of the muscle so that by cutting it you could apply one 
electrode to the electronegative end, the other being applied to 
the electropositive surface of the muscle. (Such an explanation 
is given for the structure of fixed magnets except for the fact that 
the whole molecule is not supposed to be the elementary magnet, 
but the latter is supposed to be an electron orbit inside the atom 
and is called a magneton.) There is nothing at all preposterous 
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in this view; in fact, this polarity is emphasized nowadays and 
molecules are divided into polar molecules and non-polar mol- 
ecules, the cause of polarity being a local unbalancing of electric 
charges. But, in order that the living tissue may do work on 
the galvanometer, some decrease in the energy of the tissue must 
occur. Living tissue is, moreover, not all solid and the interior 
of many cells has been shown to be in a liquid condition. The 
polarized layer is therefore best represented as the surface layer of 
the cell. 

Wilhelm Ostwald (1890) proposed the membrane theory of 
the bioelectric currents. This membrane was supposed to be per- 
meable to cations and not to anions. Bernstein (1902) suggested 
that the ions passing the membrane and giving rise to the electric 
current were potassium ions, but Héber (1905) supposed that 
some other ion was concerned. Cremer made a model designed 
to represent the bioelectric current, by placing a little nitro- 
benzene in the bottom of a U-tube and dissolving picric acid in the 
nitrobenzene in one arm only, then filling up the two arms of the 
U-tube with sodium chloride solution. This arrangement gave 
rise to an electromotive force. Briinings (1907) placed a copper 
sulphate solution in contact with a potassium ferrocyanide solu- 
tion, which caused a precipitate of copper ferrocyanide at the 
junction. The osmotic concentration of the two solutions was the 
same. An electromotive force of about one-tenth volt was pro- 
duced and was almost independent of the concentrations of the 
solutions from 0.005 to 0.5 M. Haber (1908) made a membrane 
or intermediate phase out of a non-aqueous medium and placed 
on each side of it the same electrolyte, the concentration of the 
electrolyte being different on the two sides. He found that the 
electromotive force was that approximately calculated from 
Nernst’s formula, supposing the speed of passage of one of the 
two ions of the electrolyte was zero in the non-aqueous phase, 
but that the other ion passed through. 

‘sada LO loge 
u + v 96500 C1 


Beutner has done the most extensive work on this type of 
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membrane and has collected it in book form (1920). Beutner 
set up many membranes of weakly polar solvents immiscible 
with water. By choosing this non-aqueous phase he could set up 
a system permeable only to one ion and have that either the 
cation or the anion. According to Beutner the ion combined by 
means of a free valence bond with the solvent at one side of the 
membrane and dissociated at the other side, passing through the 
membrane in the form of a neutral molecule. In order for a 
continuous current to pass, however, it is necessary that either 
free electrons or ions pass through the membrane. Of course, 
it is possible that an ion of the opposite sign passed in the opposite 
direction and this ion might never leave the membrane but on 
passing through, might unite with an ion of the water phase and 
go back with it carrying it through the membrane as a neutral 
molecule. 

It is supposed by Mathews (1924) that the current goes 
through the cell membrane in the form of electrons that pass from 
carbon atom to carbon atom of the carbon chain of organic mol- 
ecules. He supposes that the carbon chain would be a conductor 
of the first class, similar to graphite. Such a membrane would be 
similar to that of a metallic membrane. For instance, if a copper 
membrane separates two water solutions of copper sulphate and 
the concentration of copper ions on one side is ten times as great 
as that on the other side, this ion will plate out on the membrane 
on the concentrated side and new ones form on the dilute side. 
The electromotive force will be about 60 millivolts depending on 
the temperature. Copper does not pass through the membrane 
but the current is carried through the membrane in the form of 
free electrons. The copper that dissolves off of the dilute side 
gives up electrons to the metal and these electrons pass through 
the membrane and unite with copper ions on the other side re- 
ducing them to metallic copper. If the membrane is thin the cop- 
per that plates on one side will finally dissolve at the other and 
copper pass through the membrane. If a living cell were sur- 
rounded by such a membrane the outside of the cell would be 
oxidized and the inside of the membrane reduced by the passage 
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of the polarizing current. Mathews supposes that the oxidation- 
reduction potentials on the outside and inside of the membrane 
are responsible for the bioelectric current. 

All of these models of a membrane except that of Cremer 
represent the membrane as a simple partition or phase. It is 
probable that the copper ferrocyanide membrane is simply a 
solid partition with such small holes in it that only the potassium 
ions can pass through. The question of the passage of substances 
through membranes composed of organic solvents is involved 
in the theory of solubility in such solvents. It would take us too 
far afield to go into the question of solubility here. The mem- 
brane of Cremer is a double membrane and it seems probable 
that we should consider the seat of the electromotive force the 
boundary between the two halves of the membrane—in other 
words, that this is a liquid junction between two organic liquids. 
It is possible to produce considerable electromotive force by means 
of a liquid junction between water solutions. If we set up the 
concentration chain: 


Hg, Hg,Cl, KCl, 0.1N HCl, N HCl, KCl, Hg.Ch, Hg, 


an electromotive force is produced of about 40 millivolts, the 
dilute side of HCl being electropositive. 

Planck has designed a formula for the calculation of this 
boundary assuming a sharp boundary between the two HCl 
solutions. Henderson proposed another formula supposing there 
to be a gradual gradation of concentration, and G. N. Lewis 
has adopted an empiric formula giving an intermediate value 
(see section on Hydrogen Electrodes, Chapter IV). Owing to the 
mixing of the two solutions, the electromotive force is not con- 
stant; it is high at first, and gradually disappears. ‘The same 
would be true of the concentration chain in non-aqueous solvents 
such as used by Cremer. Beutner, on the basis of experiments 
on the skin of a healthy apple, supposes bioelectric phenom- 
ena, at any rate the current of injury, to be due to such a con- 
centration chain. He found that a cut piece of the apple showed 
electromotive force when led off from the cut surface and the 
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uncut by identical solutions, but when he scraped out the pulp 
of the apple and scraped the inside of the skin, the current dis- 
appeared. He assumed that he was scraping away an oily layer. 
It would seem more probable, however, that the apple skin acted 
like the thin glass membrane used by Haber and Klemensiewicz. 
If the hydrogen-ion concentrations on the two sides of this glass 
membrane are different, the membrane behaves as though it 
permits the passage of hydrogen ions but not the anions of the 
acid. It is possible that the apple skin allows passage of the 
hydrogen ions of malic acid and not of the anions, and the scraping 
removed a colloidal gel containing an aqueous solution of malic 
acid. If the pulp of the apple is not scraped away the electro- 
motive force is maintained for a long time. 

In making a model of the plasma membrane of the living cell 
it is desirable to have the electrolyte responsible for the electro- 
motive force of such a nature and concentration that it may 
exist in the living tissue. Fahr favored the view that K*>is the 
ion concerned. Hydrogen ions, being so very rapid in diffusion 
and so small that they might easily pass through membranes, 
seem very likely to be the ions concerned, especially as the out- 
side of the cell is electropositive to the inside and acids (carbonic 
and lactic) are produced inside the cell because of the metabolism 
of the cell. The hydrogen-ion concentration on the outside of 
many cells in the body corresponds to a pH of about 7.45 (the 
blood plasma being 7.45). In order to produce an electromotive 
force of about 60 millivolts it would be necessary to have the 
hydrogen ion concentration on the inside of the cell correspond 
to a pH of about 6.45. The acidity of this solution is then less 
than that of ordinary-distilled water exposed to the CO, of the 
atmosphere. The pressed juice of many tissues is more acid than 
this. Therefore it seems possible that the difference in concen- 
tration of hydrogen ions inside and outside of the cell is sufficient 
to give rise to an electromotive force of about 60 millivolts. This 
is approximately the electromotive force that is usually observed 
in the so-called current of injury by which the difference in po- 
tential on the cut and uncut surfaces, that is, inside and outside 
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of the cell, is measured. Therefore, a model was set up containing 
a membrane of benzene. Buffer solutions were placed on the two 
sides of the membrane, one having a pH of about 7 to represent 
the outside of the cell, and the other of about 6 to represent the 
inside of the cell. An electromotive force of 31 millivolts was 
observed (McClendon, 1917). The low value may have been 
due to leakage since the benzene membrane was very thick and 
its permeability to hydrogen ions very low. 

The so-called action current is similar to the current of injury 
except that it is transitory. The stimulated portion of a cell 
becomes electronegative similar to the cut or injured portion in 
the previous discussion. This electronegativity is transmitted 
to the other portions of the cell. In a fraction of a second the 
electropositivity of the cell surface is regained, the portion that 
was negative first regaining its positivity first. In some plant 
cells the time elements are longer and may be several minutes. 
These action currents were studied a great deal by Burdon- 
Sanderson and later by Waller. Waller showed that the electric 
conductivity of the plant tissue increased during the presence 
of the action current (blaze current). 

The current of action may then be considered a temporary 
injury. It appears as though the membrane were temporarily 
removed and then regenerated. The complete removal of the 
membrane substances at any point would not seem to be neces- 
sary, however, since a copper ferrocyanide membrane may change 
as to permeability and if we have a drop covered entirely over 
with a copper ferrocyanide membrane it seems probable that we 
should get an electric current by increasing the permeability of the 
membrane at one point. 

Lillie has shown that models of the action current of the nerve 
may be made by using wires on which metallic films represent the 
membrane and the removal of the film causes the action current. 
In the first place, it should be remembered that the nerve fiber 
is a portion of a very elongated cell, and in an elongated structure 
like this, the process of propagation can be studied more readily 
than in the case of a spherical body. If a metallic wire is placed 
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in an oxidizing solution, an oxide film is formed on the surface. 
When the bright wire is first immersed in the solution an electric 
double-layer is formed, the potential of which can be calculated 
from the electrolytic solution tension of the metal and the con- 
centration of the metallic ions in the solution. The surface of the 
oxide film may also represent an electric double layer but the 
potential difference between oxide and solution at the one end 
and that between metal and the solution at the other are dif- 
ferent. It was found by Lillie that if the wire coated with the 
oxide film is scratched at one point and electrical connection made 
between the scratched and the unscratched portions an electric 
potential difference can be observed. Furthermore, the oxide 
film dissolves off at the edges of the scratched area, thus laying 
bare a larger amount of the bright metal. This area spreads. 
The spreading action simulates the transmission of the nerve 
impulse. Thus Lillie has shown that if an iron wire is immersed 
in dilute nitric acid, allowed to remain until the iron oxide 
film forms (passive iron) and then is scratched at one end, 
the break in the oxide is transmitted without decrement to the 
other end of the wire regardless of its length. The eating away 
of the oxide film from passive iron might be represented in the 
nerve fiber by the dissolution of a layer one molecule thick on the 
surface, which when present would prevent the exit of anions. 
Hence the dissolution would be accompanied by a region of 
negativity. 

It is easy to see how the oxide may re-form on the iron wire 
but the regeneration of the film on the nerve fiber is not so easy 
to picture. If it is a process of adsorption it is hard to imagine 
conditions that would alternately cause the molecules to be ad- 
sorbed and then be released. The process might be pictured in 
another way. Suppose the surface of the nerve fiber consists of 
a layer of colloidal particles so close together that only hydrogen 
ions can pass between them. If these particles are charged nega- 
tively they will repel anions and thus tend to make the membrane 
impermeable to anions. Hydrogen ions might diffuse through the 
pores so rapidly as to escape being bound by the membrane or 
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there might be an equilibrium between the binding of hydrogen 
ions and of hydroxyl ions, the membrane retaining a certain 
dynamic negativity. If now a cathode is suddenly brought near 
one point of the membrane the equilibrium might be so dis- 
turbed as to produce some rearrangement of the particles, which 
would cause some of the pores to widen. This action of the 
cathode would be propagated. But after the disturbance is over 
the membrane regains its former condition and the mechanism 
of this has not even been suggested. Energy would be dissi- 
pated, however, by the escape of anions following the disturbance 
in the membrane. These anions would have to be restored by the 
formation and dissociation of more of the electrolytes concerned, 
before the original condition could be reproduced. In other 
words, metabolism would maintain the irritability of the nerve. 

If the stimulation of the nerve is the bringing of a cathode 
near it, in other words, the accumulation of negative ions, the 
stimulus, 2 (stimulating current), would be a function of the cur- 
rent density and the time it flowed. Nernst proposed the formula: 


yy ee 


where IJ is the current and t the time, and this has been found to 
be nearly true for durations of current from 0.0002 sec. to 0.001 
sec. Lund has recently verified this formula by measuring the 
current necessary to stimulate a single cell, the protozoén, Noc- 
tilucca (personal communication). 

According to the all or. none law a nerve fiber is either stim- 
ulated maximally or no stimulus is propagated. Subminimal 
electric currents may change the quantity of additional current 
required to cause stimulation, but they have no effect on the 
other end of the nerve. The nerve impulse starts with a fixed 
value and is propagated without decrement under normal con- 
ditions. Since a nerve is a bundle of nerve fibers, quantitative 
differences in stimulation may be obtained by stimulating varying 
numbers of the fibers. Some may be more favorably placed than 
others to be affected by minimal stimuli. This may be the ex- 
planation of the fact that strong stimuli produce greater sensation 

PR 
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than weak stimuli. Weber expressed this in an equation (Weber’s 
law): 
Os => k OL 
d 
where i is the stimulus and s the sensation. If this is put into the 
form of a differential, 


Gere 
z 


it may be-integrated similar to equation 4, Chapter II: 
s = fas =kloge ite 


and is known as Fechner’s law. 

The Weber-Fechner law holds for medium stimuli. 

The electric variation of the beating heart (electrocardio- 
gram) is complicated by the anatomic arrangement of the con- 
ducting and contractile elements, but has been thoroughly anal- 
yzed by Einthoven and Fahr. Einthoven considers the so-called 
latent period between stimulation and response to represent the 
lag inherent in the apparatus for recording the results. By 
means of the string galvanometer the lag can be decreased. 

The electric response of the retina to light is very complicated. 
Chaffee, Bovie and Hampson consider the time required for the 
maximum response to be different for the rods and cones. 
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CHAPTER XIV 
SURFACE FORCES 


Two of the substances in the body most markedly affecting 
surface tension are the taurocholates and glycocholates of the 
bile. Soaps are also very surface-active, but it is doubtful to 
what extent they occur in the body. The free fatty acids also 
show activity in this respect but the higher fatty acids are so 
slightly solubie as to have very little effect in pure solution. The 
following table gives the surface tension of 0.25 M solutions at 
15°. It will be noticed that sugars and amino acids raise the 
surface tension, urea is inactive, trihydric alcohols and amides 
lower it slightly, and monohydric alcohols, ketones, nitriles, 
organic acids and their esters lower it very much. In a series of 
compounds the effect is greater the longer the carbon chain. 


0.25 molal. 8. oo) at 15°. 0.25 molal. a. t. (Cae) at 15°, 
(Come sucare. aan aea OUT Propioni¢ acids... 35-46 .83 
Glucose } 1.004 Methyl acetate..........; .83 
Mannite ea Cea ieee’ Propyi alcohols ser. sae 8 
(GV COCO pent tare tate cele eee 1.003 Methyl ethyl ketone. ..... 797 
Wisteria trtaes cc iuneherisiss AL Diethylamine =. ereen nse ald 
WIR Sas Gee ee ie | Pipentdimeracsec sek chine a oo 
Civcerolitencat teste aoc 908 HithyWethersae.ck see 
(ly COlepew evs acest. cata: S09 Pyridine tascss) cere 713 
Acetate. on). 4.0cees oe £986, Panaldehydekmrcenen onan. 
Methyl alcohol.......... .966 Chloral hydrate.....-.... .695 
AN CCLIC CIN abies ca .o4s  GYOL Butyrictacideeineae oan 67 
ACCEOMIURENEY, ce cehe- se 290 Tsobutyl alcohol....:.:-.. .61 
Hthylalcohobanacns i 02 Tert. amyl alcohol........ .60 
[ACEONCHE A teh oe ge| OO Ethyl acetate............ .58-.688 
Ethyl] urethane.......... .87 Jso-amyl alcohol.......... .42 
Propionittile.ci. ese. y.s% «842 


Strong electrolytes change the surface tension only a very 
little according to the additive effects of the anions and the cations. 
Some hydrophile colloids lower the surface tension. In such cases 
they usually form haptogen membranes which are so solid that the 


surface tension cannot readily be measured. For instance, if a 
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ereased needle is floated on the surface of water, it bends the sur- 
face down and is held up by the surface tension. If the needle 
has been previously magnetized it will point North very readily 
no matter in what position it is first placed. If, however, a little 
saponin has been added to the water the needle remains fixed in 
whatever position it is laid, the haptogen membrane preventing 
its movement. Milk globules are covered with haptogen mem- 
branes. These are not casein. Their composition has recently 
been studied by Palmer and Samuelsson. 

The surface tension of urine is ordinarily much lower than that 
of pure water. The substance responsible for this lowering is not 
known though it seems probable that traces of bile salts might 
be responsible. If bile salts are present in urine in sufficient 
amounts to be detected by Pettenkofer’s reaction, they very 
greatly reduce the surface tension of urine. If flowers of sulphur 
are placed on such urine the particles sink because the surface 
tension is not strong enough to hold them up. G. D. Allen (1916) 
attempted to use the surface tension method as a quantitative 
test for the bile salts in the urine but since the effect of the bile 
salts is influenced by the simultaneous presence of other sub- 
stances it was necessary to have more or less uniform conditions. 
For instance, NaCl and H ions increase the effect and OH ions 
decrease the effect. Therefore, the urine was diluted to a specific 
gravity of 1.01. In the following table the surface tension of the 
urine is given in percentages of that of distilled water at the same 
temperature. 


S. T. of sample diluted Minimum of sodium Maxi f i 
to 1.010 specific gravity glycocholate which prime we et 
ee Ay shea 7 may give observed may give observed 
ns xX 100. 8S. T. (Sample is S.T. (Sample is 
acid.) Diluted alkaline.) Diluted 
sample. sample. 
Gm. per 100 ec. Gm. per 100 ce. 
DO ae oR ee 0.001 
O0 «caer Aree tee a) 0.004 
ODL wane oun dae pene ee Ue OL 0.008 
BU Neate ie aera ec 0.0038 0.015 
15 hoc) Reo Seas 0.007 0.03 
CO Norra hee Ben eae Seren) SUT 0.065 
65 5 ee ie Oe ies 
BO. sere s te eee 0+ 0.14 
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The surface tension of blood-serum is considerably lower than 
that of water. Blood-serum is sometimes loaded with fat to such 
an extent that it appears milky. It may also at times contain 
sufficient bile to cause it to appear almost black. Since fatty acids 
and bile salts greatly lower the surface tension of water, one 
would expect great variations in the surface tension of the blood- 
serum; but as such surface-acting substances are very readily 
adsorbed, the large colloid content of the blood-serum makes the 
relations rather complicated. The surface tension of serum under 
certain conditions has been made the basis of the meiostagmin 
test for syphilis. There has been a great deal of dispute about 
the validity of this test and it has never competed very strongly 
with the Wassermann test. 


ADSORPTION 


Since all substances that lower the surface tension are ad- 
sorbed, adsorption must play a considerable réle in living organ- 
isms. Whereas it is very simple to form an experiment in vitro 
to measure adsorption, the extent of adsorption in living matter 
is rather difficult to determine since the adsorbents are them- 
selves unstable and of unknown composition and it is impossible 
to remove the adsorbed substance in order to measure its quantity 
or identify it without the possible danger of dissolving the ad- 
sorbent. 

Adsorption is the chief basis of dyeing textiles and staiming of 
histologic preparations of cells. The term adsorption is applied 
no matter what the forces are that cause the union of adsorbent 
and the substance that is adsorbed. In the case of the union of 
dyes with protein, since the basic dyes stain in alkaline solution 
and the acid dyes in acid solution, it seems probable that chem- 
ical reactions are involved. It is true, however, that substances 
that lower the surface tension of the water-air surface are ad- 
sorbed generally, and hence surface tension often plays a rdle. 

Adsorption plays a prominent réle in soils. Clay, aluminum 
hydroxide and ferric hydroxide are usually electropositive and 
adsorb anions. Kaolin, silica and charcoal are electronegative 
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and adsorb cations. It is possible that in this way potash is held 
in the soil, although the greater proportion in many soils is in the 


form of orthoclase. 
OXIDATION 


As discussed in Part I, Clark has treated oxidation and reduc- 
tion as electron pressure, but in many cases the electron pressure 
is not known. 

Since many chemical reactions are known to be consummated 
by light rays and since it seems possible that radiant energy plays 
a part in oxidations that takes place at high temperatures, it is 
sometimes supposed that combustion at low temperatures Is 
accomplished by other means. Wherever there is an oxidation 
there is a reduction. Hence it is possible that the concentration 
of free electrons in a solution determines the oxidation potential 
and that the process of oxidation is merely the attaining of an 
equilibrium, some substances being oxidized and others reduced 
until all are brought to this oxidation potential. As many hy- 
drolyses are speeded up by enzymes extracted from living cells 
numerous attempts have been made to isolate oxidizing enzymes 
or so-called oxidases. Many peroxides exist in living cells and 
they favor oxidations in that they, themselves, are capable of 
reduction. Linseed oil oxidizes spontaneously in atmospheric 
oxygen, but the speed is almost imperceptible in the absence of 
light or of the peroxides of heavy metals such as ferric oxide. 
Ferric oxide is necessary for the spontaneous oxidation of lecithin 
in the dark. Tyrosinase and other special oxidases have been 
extracted from living cells but no oxidase that will accomplish 
the oxidation of glucose or lactic acid has been found. 

Oxyhemoglobin is: itself an oxide and is capable of oxidizing 
many substances without the addition of any catalyst. It has 
been shown by Warburg and others that activated charcoal 
oxidizes an aqueous solution of oxalic acid and several amino 
acids. This charcoal always contained iron. The oxidizable sub- 
stance was always adsorbed and it is possible that the combina- 
tion of adsorption and the presence of iron is necessary in the 
process. It is well known that substances adsorbed to platinum 
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black in the presence of oxygen are oxidized rapidly. Possibly 
both oxygen and the oxidizable substance are brought close 
together by simultaneous adsorption. The speeding up of a 
chemical reaction by adsorption is called contact catalysis and 
is the principle involved in use of the combustion tube for the 
analysis of organic compounds, the heat applied not being suffi- 
cient to produce complete combustion. In fact, very high tem- 
peratures cause dissociation. Sulphur dioxide is oxidized by air to 
sulphuric acid in the presence of finely divided platinum or other 
contact catalysts. Ammonia is oxidized to nitric acid in the 
same manner. Alcohols are oxidized (dehydrogenated) to alde- 
hydes and ketones in the same way, but in this case finely divided 
copper is used in preference to platinum. Oxygen and hydrogen 
when adsorbed to finely divided palladium or platinum unite at 
low temperatures. Various oxides accelerate the union of these 
gases when heated. This is the principle of the Welsbach gas 
mantle and “radiant fire” gas heaters. The union of the gases is 
so rapid that the flame is very small and hot. Contact catalysts 
are easily “poisoned” by minute quantities of some easily ad- 
sorbed substances so that they no longer function as previously. 
This is apparently due to the fact that the “poison” is more strongly 
adsorbed than the substances to be united and crowds them out 
of the surface. 

Since one surface-active substance may crowd out another 
from the surface, Warburg tested the effect of anesthetics on the 
oxidation of substances by charcoal and found that anesthetics 
reduced the rate of oxidation. He also found that anesthetics 
reduced the activity of certain enzymes and reduced the oxida- 
tion that goes on inside of the erythrocytes, particularly the 
young erythrocytes with nuclei. Erythrocytes are favorable 
objects for study since the oxyhemoglobin furnishes a sufficient 
supply of oxygen to last a considerable period. The analogy be- 
tween enzymes and contact catalysts is not quantitatively com- 
plete in this regard. The following table taken from Senter shows 
the concentrations of poisons that are effective in decreasing the 
action of colloidal platinum and the catalase of erythrocytes to 
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one-half its previous value. (Numbers represent liters in which 
one mol was dissolved.) 


Poison. Pt. Catalase. 
ls Pelee Sree eons ane woods 6c 300,000 1,000,000 
HCNae een eae oe 000000 1,000,000 
HeClos 5% Uiawatn poiven oe pee ee 2,000,000 
He(CN 3505 ee eee ees 200,000 3,000,000 
TsGiot KiD ees cee eee ee as O00, 000 50,000 
Aniline. feet eee Cee: 5,000 400 
AGL 2 Bi seen errs 3,000 100,000 
INELICI AS Pete re ee tee ie 200 1,000 
FINO gv oth ta eee ae care ite 10) DOU OHI 250,000 
HeSOg isso cone ce ee nae 0 POOniEs 50,000 
KNOs) AO Re Ae Se oe BOlsonaS 40,000 


Different contact catalysts may be affected differently, however, 
by the same poison. ; 
It was shown by McClendon and Mitchell (1912) that those 
solutions that were more effective in increasing the oxidation of 
unfertilized sea urchin eggs were also most effective in increasing 
the permeability of the eggs and causing them to develop. There- 
fore the mechanism of the action of the anesthetic in decreasing 
oxidation, decreasing permeability and decreasing rate of seg- 
mentation is open to several interpretations. 


CYTOLYSIS 


Many substances that kill cells and many deadly physical 
agents, such as ultra-violet rays and 2-rays, cause what is known 
as cytolysis. The best known instance of cytolysis is hemolysis, 
which is the cytolysis of the erythrocytes. In hemolysis the hemo- 
globin passes out of the cell and dissolves in the medium. Many 
other substances pass-out at the same time. The evidence that 
ions are able to pass out is the increase in the electric conductivity 
of the suspension. It was shown by Czapek that various anes- 
thetics, if used in greater amount than the anesthetic dose, caused 
cytolysis of plant cells when they lowered the surface tension of 
water to 68 per cent. of its former value. Czapek did not use 
the term “cytolysis.” It was evident, however, that the cells 
were killed and Czapek found that tannin diffused out of the cells. 
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We interpret this outward diffusion as being a case of cytolysis. 
The presence of the cellulose cell wall prevented the entire dis- 
ruption of the cell which occurs in the cytolysis of some animal 
cells. 

Other writers have found that cytolysis produced by surface- 
active substances is proportional to the lowering of the surface 
tension of water by these substances. The cytolytic action of 
phenol, the cresols and related substances is greater, however, 
than would be expected from the surface activity. Many metals 
(cations) have a cytolytic action. The toxicity increases nearly 
in the order of their arrangement in the table of electrolytic 
solution tension. Some ions, however, are toxic and do not 
cytolyze under all conditions. Héber (1908) found the ionic series 
for the anions to be in the following order of increasing hemolytic 
power: 

sO, < Cl < Br < NO; <CNS <I 
and for the cations 
Na <Li <Cs <Rb <K 


Lillie (1909) observed the same anionic series for the cytolysis 
of sea urchin eggs. It has been found by Larson and his collab- 
orators that soaps are extremely toxic to bacteria but that the 
presence of calcium ions or the formation of insoluble calcium 
soaps prevents the action of the soap. He also found that treat- 
ment with soap makes bacteria harmless in producing disease and 
also prevents the activity of certain bacterial toxins. 


AMEBOID MOTION 


Quincke’s studies of the movements of drops of fluid due to 
local reduction of surface tension are probably known to the 
reader. Rhumbler made many models of amcebee. In order to 
increase the viscosity of the oil drops he emulsified the oil with 
aqueous solutions. That is to say, he made emulsions of water in 
oil and immersed pieces of these emulsions in water. Some of 
them were made by grinding sodium carbonate with rancid olive 
oil, the soap formed being the emulsifying agent. Enough water 


380 PHYSICAL CHEMISTRY 


was absorbed through the oil to dissolve some of the sodium car- 
bonate. This emulsion tended to reverse, that is to say, form an 
oil-in-water type. At any rate the little droplets of sodium car- 
bonate solution that came near the surface would burst into the 
water. When one burst it would produce a local lowering of the 
surface tensioo of the artificial amoeba and cause the protrusion 
of a pseudopodium. In this way the amoeba would go on moving 
around until all of the sodium carbonate was extruded. Rhumbler 
made many models of amcebe and, by combinations of changes 
in surface tension with adhesions to the substratum and to food 
particles, imitated all forms of ameboid motion with which he 
was acquainted. A chloroform drop immersed in water would 
not take in glass splinters but would greedily “eat” splinters of 
shellac. If a glass splinter was coated with shellac and presented 
to the artificial amoeba it would instantly engulf it. The glass 
would remain inside of the amceba until the shellac was dissolved 
off by the chloroform. The amoeba would then eject the glass 
thus imitating the process of defecation. 

Rhumbler found that if chloroform was mixed with powdered 
glass and dropped into water, the glass would be ejected by the 
chloroform and form a layer on its surface. In this way models 
of the shells of kinds of amceba known as Difflugia could be imi- 
tated. These shells bad considerable rigidity. The only force 
that held the glass together was surface tension of the oil-water 
surface. 

Rhumbler’s experiment with artificial Diffugia demonstrates 
the process postulated by Harkins as taking place when an emulsi- 
fying agent stabilizes an emulsion. (See Adsorption, Chapter V.) 
According to Harkins~a single layer of molecules of the emulsi- 
fying agent forms on the surface of the droplets of the emulsion 
and the molecules are oriented so that the end of the molecule 
that is more strongly attracted by the water, or more polar (car- 
boxyl group), faces the water and the other end (CH; group) 
faces the oil. He supposes that some molecules are cone-shaped, 
that is to say, bigger at one end than the other. If the large end 
faces the water, an emulsion of oil in water is formed, but if the 
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large end faces the oil, an emulsion of water in oil results. The 
question arises: In the living amceba what conditions affect its 
surface tension? It was shown by McClendon that the surface of 
an amoeba appears to be capable of transmitting a sensation just 
as in the case of the irritable elements. We should therefore 
suppose it to be semipermeable and capable of changing its per- 
meability just as in the case of muscle and nerve. Such a change 
in permeability should result in alteration of its-surface tension, 
because the unstimulated cell is electrically polarized. Increase in 
permeability brings about depolarization. Hence, since polariza- 
tion decreases surface tension, a local increase in permeability of 
the amoeba would cause a local increase in the surface tension. 
The advancing end of a pseudopodium would therefore be a region 
of decreased permeability. The effect of polarization on surface 
tension is well shown in the capillary electrometer. 

It is not supposed that surface tension explains all forms of 
ameboid motion as was once thought by Rhumbler. Edmund 
Montgomery in 1878 advanced the idea that gelation and solation 
or the swelling and shrinking of gels are factors in amoeboid 
movements. More recently, Chambers by micro-dissection methods 
has shown that whereas the ectosarc of the general surface of 
an ambcea is a more or less stiff gel, the surface of the advancing 
pseudopodium is fluid, perhaps just as fluid as the endosarc. He 
also asserts that there is a solid but elastic pellicle covering the 
whole amceba and that the movement takes place inside this 
pellicle. 

The contractile vacuole seems to function as a kidney for the 
removal of water and other substances from the amceba. Hartog 
has shown that it occurs in all fresh water amcebze, which absorb 
water continually, but it may be absent in parasitic and marine 
forms, the osmotic pressure of the medium preventing the ab- 
sorption of water. Rhumbler made a model of the contractile 
vacuole by taking a drop of impure chloroform and immersing it 
under water. The hydrochloric acid and alcohol in the chloro- 
form absorbed water which separated out in the form of droplets. 
These droplets fused to form one which burst. 
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CELL DIVISION 


In 1902 E. P. Lyon showed that sea urchin eggs are more 
susceptible to KCN during cell division than at other times. It 
was shown by Warburg that respiration increased preparatory 
to and during the first division. It has been shown in Chapter XII 
that the permeability increases at this period. Viscosity and 
surface tension changes will be considered below. ‘The relation 
between these phenomena is a matter of speculation. 

Cell division usually follows the division of the nucleus. It 
has been shown by various observers and especially emphasized 
by Heilbrunn that the viscosity of the cytoplasm increases on 
nuclear division. Chambers has, however, differentiated between 
the general cytoplasm and the hyaline substance of the astral rays, 
the latter being fluid. It was shown by McClendon that nuclear 
division is not necessary for cell division. 

Butschli, Rhumbler and others considered cell division to be 
caused by local changes in surface tension, polar regions being 
areas of relatively low surface tension. When the tension of a sur- 
face is locally reduced, surface currents pass away from this region 
toward regions of higher tension. In the case of water wetting a 
glass plate, a local lowering of the surface tension causes the water 
to flow away from this point; but when the surface tension of a 
free drop is lowered locally, surface currents flow away from this 
region and axial currents flow toward it and cause the surface to 
bulge out. Gardiner (1897) observed superficial granules in 
certain dividing eggs to pass from the polar regions toward the 
equator. This process was observed in the egg of Arbacia by Me- 
Clendon (1910). Conklin in 1908 observed similar movements 
in the eggs of Crepidula. McClendon attempted to make a model 
of a dividing cell by adding one part of chloroform to 2 parts of 
rancid olive oil and immersing it in water with a layer of con-- 
centrated salt solution under it to prevent it from touching the 
bottom. The surface tension was simultaneously lowered at two 
opposite poles by squirting on it 0.1 N alkali. The drop bulged 
at the poles and constricted in the middle and was broken into 
2 drops. This process was so rapid that it was difficult to follow 
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with the eye. Spek (1918) used rape seed oil and in this case, 
owing to the viscosity of the oil, the process was slower and a 


_ beautiful division of a drop into two could be produced. In the 


division of plant cells, apparently a change in viscosity plays the 
chief role. In many of these no furrow occurs but a wall of more 
solid protoplasm is built up separating the two cells. 


MUSCLE CONTRACTION 


It was shown by Engelmann (1893) that a catgut stretched in 
water would contract on the addition of acid. This works only 
if the catgut is stretched or twisted and dried in this condition of 
tension; otherwise the addition of acid, which causes swelling 
in all directions, will result in elongation. Meigs in numerous 
papers has investigated the contraction of muscle and seems 
inclined to the swelling hypothesis. 

Von Furth considers death rigor to be a form of contraction, 
and it is well known that lactic acid, which is associated with 
muscle contraction, is formed in death rigor. Fletcher and Hop- 
kins in 1907 measured the production of lactic acid. If oxygen is 
excluded, lactic acid accumulates during stimulation of the muscle; 
that is to say, it is produced during the contractions. According 
to the swelling theory it is the cause of the swelling. 

MacDougal (1908) supposed that swelling is due to osmotic 
pressure. He placed a number of metal rings on a rubber tube, 
and pumped up the tube. On being pumped up it shortened. 
Bernstein in 1901 assumed that increase in surface tension caused 
the contraction of muscle. Since electrical depolarization causes 
increase in surface tension, the contraction would then follow 
from the stimulation. Bernstein in 1908 observed that the tem- 
perature coefficient of muscular contraction as well as surface 
tension is negative, whereas for the swelling of colloids it is posi- 
tive. He maintained in 1915 that unless the violin strings are 
twisted, they do not contract. Lillie supposes the increase of sur- 
face tension to cause aggregation of the colloidal particles, nm 
other words, gel formation or coagulation. 

According to Hill, muscle contraction cannot be due to change 
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of surface tension by adsorption of lactic acid on a surface since 
the lactic acid produced by 1 cm. of muscle exerting a force of 1 
dyne, is 10" molecules and could cover a space of only 7000 Sq: 
cm. to the depth of one molecule. Since the surface is 1 cm. long, 
it can be equivalent to only op cm. broad and yet exerts a force 
of 1 dyne. This would require a difference in surface tension of 
4000 dynes cm., which is unattainable. 
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by, 300 
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Blood, magnesium in, 238 
osmotic pressure of, 298, 300 
serum, osmotic pressure of, 285 
surface tension of, 375 
ultrafiltration of, 246 
Bone, specific conductivity of, 319 
Brain, specific conductivity of, 319 
Brom-phenol- blue for titration of 
stomach contents, 201 
Brownian movement in colloids, 32 
Buffers, 103-106 
action of, 103 
behavior as compared with indi- 
cators, 103 
bibliography, 122 
chart showing pH of buffer mix- 
tures, 105, 106 
table of dissociation contants, 104 


Catcrum causes increase of perme- 
ability of kidney, 334 
diffusible, of blood, 240 
effect of ions on heart, 262 
in blood, 238 
in physiological fluids, 241 
Calomel electrodes, effect of temper- 
ature on, 99, 100 
for hydrogen ion determination, 
98 


in 0.1 NKCI, 98 
in saturated KCl, 99 
potential of, 98 
use in conductivity determina- 
tions, 65 
Calorie, 151 
relation to other energy units, aa 
Calorimeter, absorption of €0..) 
barium ‘hydroxide, 160, 161 
Atwater-Rosa, 162 
bomb, 155 
for heat of reaction of chemical 
compounds, 155 
portable, 160 
types of, 159-161 
Calorimetry, 151-181 
direct and indirect, 156 
experiments of Lavoisier, 161 
measurement of oxygen in, 157 
of muscle contration, 167-170 
standard conditions for, 163 ; 
Cancer, effect on acidity of gastric 
juice, 200 
Capacity of condenser, 64 
Capillaries of glomeruli, effect of 
saline diuretics on, 299 
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Carbohydrates, swelling of, 187 
Carbon dioxide, absorption of, by 
plants inhibited by anesthetics, 
340 
concentration in relation to hy- 
drogen ion ioneen terion in 
blood, 246, 2 
Sg ge 
solution, 248 
elimination of, by Elodea inhib- 
ited by anesthetics, 341, 342 
in blood, 248, 249 
pressure, alkaline reserve and 
hydrogen ion concentration 
in blood, 244-249 
in plasma, 242 
ge experimental 


in aqueous 


changes 


43 
of Blood, determination of, 248 
regulatory factors, 244 
Carbonic acid, determination of, in 
aqueous solution, 248 
Seiten: effect of, on pH of blood, 
Casein, iso-electric point of, 185 
ocr neta effect of anesthetics on, 
Cataphoresis, 287-290. See Hlectro- 
phoresis. 
Cations, migration of, 74 
Cell division, 382, 383 ‘ 
bibliography, 389-392 
inhibited by anesthetics, 340 
models illustrating, 382, 883 
Cells, action of anesthetics on, 344 
composition of membrane, 315 
electrophoresis of, 289 
reversal of charge of, at iso-electic 
point, 289 
surface tension of, 313 
swelling of, 190 
viscosity of, studied by centrifug- 
ing, 312, 313 
by electric current, 313 
by electromagnet, 313 
by microdissection, 313: 
| Centrifuge in study of viscosity of 
cells, 313 
Cerebrospinal fluid an ultra-filtrate 
of blood, 240 
gees of freezing-point of, 300 
pH of, 2 
in eae meningitis, 
258 
Chemical reactions and heat, 151 
es in organisms, 151 


typ 
Carbohydrates, heats of formation Chlorine, diffusible, of blood, 240 


and combustion, 152, 153 


in serum, 239 
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Chlorophyll, action of, in photosyn- 
thesis, 127, 130 
Cholera, acidosis i in, 261 
Cholesterol in stroma of eyrthrocytes, 
314 
Chorea, blood calcium in, 238 
Cilia, bibliography, 389 
Clay, 210 
Colloids, 29-37 
and ultramicroscope, 32 
bibliography, 33-37 
Brownian movement in, 32 
definition, 29 
diffusion of, 29 
effect of, on surface tension of 
water, 373 
electric charge of, 30, 288 
of particles affected by pH, 288 
electrophoresis of, 288, 289 
fluorescence in, 288 
hydrophilic, 31 
in organisms, 182-196 
bibliography, 191-194 
of blood, part played by, in main- 
taining normal blood volume, 298 
permeability of capillary walls to, 
298 
precipitation of, 186 
preparation of, 29 
types in organisms, 30 
Coma, pH of blood in, 259 
Condensance, 64 
Conductance ratio, 67 
Conduction in nerve, 332 
in passive iron wire, 332 
Conductivity, 63-76. See Electric 
conductivity. 
equivalent, 67 
specific, definition, 67 
of sea-water, 318 
of various human fluids and 
tissues, 318, 319 
Contact catalysis, 377 
Contractile vacuole, models of, 381 
Corpuscles, blood, centrifuged, for 
electric conductivity determi- 
nation, 317 
ion concentration in, 318 
iso-electric point ’affected by 
salts, 290 
permeability of, 250 
swelling of, 251-253, 284 
volumes of, at various oxygen 
tensions and pHs, 254, 255 
Current of injury, 351 
explanations of, 346, 347 
Cytolysis, 378, 379 
bibliography, 388 
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Cytolysis by anesthetics 378 
by ions, 379 
by metals, 379 
by surface active substances, 379 
a. blood-cells, 378 


DEHYDRATION, 298 
bibliography, 308-310 
Density of solutions, 20 
Dextrin, heats of formation and com- 
bustion, 152 
Dilatation of stomach, effect on 
acidity of gastric juice, 200 
Dissociation constant, 77 
of indicators, 109-111 
of strong electrolytes, 67 
Donnan’s equation, 252, 253 
Dyes, excretion of, by kidneys, 299 


Ecuampsta, effect on acidity of gastric 
juice, 200 
Edema, 298 
bibliography, 306-308 
Edestin, iso-electric point of, 185 
Egg cells, effect of fertilization on 
electric conductivity, 326, 327 
electric conductivity of, 326, 327 
Egg-albumin, See Protein. 
Electric condenser in conductivity 
measurements, 64 
conductivity, 63-76 
bibliography, 83-86 
calculated from ionic speeds, 76 
determination of, by calomel 
electrodes, 65 
by Kohlrausch alternating cur- 
rent method, 65, 68, 74 
by We bridge method, 


theoretical basis, 64 
of bacteria, increase at death, 329 
of ae effect of hemolysis on, 
of egg cells, bibliography, 364 
effect of fertilization on, 326, 


Megas of, during cell divis- 
ion, 
of aothnee 316, 317 
of heterogeneous systems, 319- 


formule for, 319-332 
of membranes decreased by an- 
esthetics, 335, 336 
of muscle, 327 
bibliography, 364, 365 
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Electric conductivity of nerve, 331 
effect of killing on, 332, 333 
of plant tissues, 328, 329 
cells, effect of Ca on, 328 
of Na on, 328 
of sea-water, 317 
of sea-weed, decrease by anes- 
thetics, 336 
of sera, 317, 318 
of skin, 332 
decreased by anesthetics, 332, 
336 


of strong electrolytes, 67 
of tissues, 360-364 
and physiological fluids, 316- 
aoe 


of tar, 331 
relation to electrolytic 
ation, 64 
specific, of serum, 318 
variation in, during action cur- 
rent, 351 
current, effect of, bibliography, 372 
in study of viscosity of cells, 313 
depolarization and muscle con- 
traction, 383 
resistance in heterogeneous systems, 
319-322 
measurement of, 68-74 
Electrodes. See Hydrogen electrodes. 
Electro-endosmose, 290-292 
bibliography, 305, 306 
definition, 290, 291 
determines direction of osmose 
through living membranes, 300 
factor in flow during secretion, 295 
in secretion of HCl in stomach, 


dissoci- 


296 
rate of, affected by size of pores, 291 
Electrolytes, definition of, 62 
effect of, on surface tension of 
water, 373 
strong, 62 
weak, 62 
Electrolytic dissociation, 62, 63 
and chemical equilibria, 62-85 
bibliography, 83 
in dilute solutions, 63 
of water, 62, 63 
variation with solvent, 62 
solution-tension affected by anes- 
thetics, 343 
of hydrogen, 88 
source of, 87 
table of, 88 
Electromagnetic study of viscosity 
of cells, 313 
Electromagnetic waves, 125 
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Electromotive force at different rela- 
tive speeds of cations and 
anions, 294 
dependence on speeds of anions 
and cations, 100, 101 
equation for, 89 
formula of Lewis and Sargent, 101 
Henderson’s formula, 100 
measurement by potentiometer, 
il 


by quadrant electrometer, 101 
of cell membrane, model of, 347 
of hydrogen electrodes, tableof, 99 
Planck's formula, 100 
produced by unequal diffusion of 
ions, formula for, 293 
relation to electrolytic solution- 
tension, 87 
Electron emission by light, 126 
in atom, 21 
orbits, 31 
valence, 21, 62 
tube oscillator, 73 
Electrophoresis, 287-290 
at iso-electric point, 288, 289 
bibliography, 303-305 
definition, 287 
in cells, 289 
observed under microscope, 288 
of cells, 289 
rate of, 287, 288 
relation to charge on wall of vessel 
container, 288 
Enzymes, adsorption of anesthetics 


Vy, 338 
bibliography, 220, 221 
inhibiting action of anesthetics on, 
339 
optimum pH, 197 
Epilepsy, blood calcium in, 238 
pHi of blood in, 260 
Equivalent conductivity, formula for, 
67 
Erythrocytes, chlorine in, 240 
composition of stroma, 314 
conductivity of, 316, 317 
- cytolysis of, 378 
effect of Al++-+ and Pb++ on, 
144 
iso-electric point as determined by 
electrophoresis, 289 
lack of calcium in, 288, 239 
permeability (stabalized by anes- 
thetics), 336 
reduction of respiration of, by 
anesthetics, 338, 339 
sedimentation at iso-electric point, 
290 
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Ethyl alcohol, heats of formation and 
combustion, 152 

Excretion, 299-301 
bibliography, 310, 311 

Exosmosis of chlorides of Elodea in- 
hibited by anesthetics, 341, 342 


Fats, absorption of, 203 
Fatty acids, effect of, on surface ten- 
sion of water, 373 
Fertilization, effect of, on electric 
conductivity, 326, 327 
Fever, high pH in, 261 
with dehydration, 298 
Fibrinogen, iso-electric point of, 185 
precipitation of, 186 
Filtration in kidneys, 189 
Fish and pH of water, 213, 214 
Fluorescence in colloidal particles, 288 
Force of gravity, 17 
os: energies of formation, table of, 
Freezing-point, determination of, by 
thermometer, 48 
by thermocouple, 49 
depression of, in blood-serum of 
various animals, 285 
in ee juice of desert plants, 


Frog’s eggs, permeability of, 333 

Fructose, heats of formation and com- 
bustion, 152 

Fuller’s earth, 211 

Fungus, pH range, 204 


GALVANOMETER in conductivity meas- 
urements, 73 
Gamma rays, absorption of, 127 
from radium, 131 
Gas constant, R, methods of express- 
ing, 43 
laws, 39 
pressure, relation to osmotic pres- 
sure, 39-51 
Gastric juice, change in pH of urine 
during secretion of, 219 
lowering of freezing-point by, 300 
secretion of, increases alkaline 
reserve of blood, 261 
Gel, definition, 31 
Gelatin, iso-electric point of, 185 
swelling of, 190 
Gelation, 32 
and muscle contraction, 383 
in ameeboid movements, 381 
of sols retarded by anesthetics, 343 
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Gels, swelling of, 186 
“weeping” of, 33 
Gliadin, iso-electric point of, 185 


Globulin, serum, iso-electric point 
of, 185 ; 
Glucose, effect of, on surface tension of 

water, 373 


on sw elling and viscosity of 
gelatin, 186 
excretion of, by kidneys, 299 
from lactic acid, 128 
in shed blood, 261 
from protein, 155 
heats of formation and combus- 
tion, 152 
permeability of kidney for, 
creased by Ca, Sr, or Ba, 334 
Glutamic acid, dissociation constant 
and iso-electric point, 182 
Glycerol, effect of, on surface tension 
of water, 373 
on swelling and viscosity of 
gelatin, 186 
heats of formation and combustion, 
152 
Glycine as an ampholyte, 183 
dissociation of, 182 
constants and iso-electric point, 
182 
Glycogen, heat of combustion of, 169 
production of lactic acid from, in 
muscle contraction, 168 
Glycylglycine, dissociation constants 
and iso-electric point, 182 
Growth inhibited by anesthetics, 340 


in- 


Hatocens, physical properties and 
phy siological action, 142, 143 
Haptogen membranes, 373, 374 
Hard-pan, 213 
Heart, effect of ions on, 262 
electrocardiogram of, 354 
osmotic pressure of, 285 
ea ae Jnmuscle contration, 


in chemical reactions, endothermic 
and exothermic, 151 
of combustion, 151, 152. See Metab- 


olism. 
calculated from oxygen consump- 
tion, 157 


from GO; elimination, 156 
of aps protein burned, 153, 
5 


inside and outside of body, 153 
of fats, 155 
of protein, 153 
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Heat of combustion of protein calcu- 
from lated urinary N, 153, 154 
variation with kind of protein, 
154 
table of, 152 
of formation, 152 
of lactic acid from glycogen, 168 
table of, 152 
production, 151-181. 
lism. 
during fever, 159 
in muscle, determination 
thermocouple, 170 
in poikilothermic animals, 166 
restitution in muscle contraction, 
168, 169 
unit of, 151 
Hematoporphyrin as 
tizer, 130 
Hemoglobin, 
of, 258 
as buffer in blood, 249 
Hydrogen ions, 87-123. See Bacteria. 
activity and concentration, 90 
and conductance ratio, 90 
in electrolytic cell, 88, 89 
alkaline reserve and COs: pressure 
in blood, 244-249 
and bacteria, bibliography, 224— 
228 
and enzymes, 197 
bibliography, 220, 221 
bibliography, 117, 118 
concentration of, and dissolution 
of bacteria, 206 
and effects of temperature on 
bacteria, 206 
and sterilization, 205 
in alimentary tract, 197-207 
bibliography, 222-224 
in blood, affected during ana- 
phylactic shock, 258 
by carcinoma, 258 
by vaccination, 258 
affects the permeability of 
kidneys, 299 
~ and CO, pressure, 244, 245 
effect on dilatation of blood- 
vessels, 260 
in acidosis, 259, 260 
in epilepsy, 260 


See Metabo- 


by 


photo — sensi- 


dissociation constant 
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Hydrogen ions, concentration of, in 
corpuscles, 260 
in drinking-water, 213 
in duodenum, 202, 203 
in feces, 204 
in ine and jejunum, 203, 
in large intestine, 204 
in natural waters, 213-219 
: bibliography, 233-235 
in organisms, 90 
in see Aes bibliography, 
236, 2 
in saliva, 197, 198 
in small intestine, affected by 
diet and length of in- 
testine, 203 
of infants, 203 
in soils, 207-213. See Plants 
and Soils. 
as affecting granulation, 212 
bibliography, 229-233 
in stomach, 198-202 
and bacteria, 201, 202 
contents, determination of, 
by titration, 201 
in streams, 213 
in urine, 219, 220 
bibliography, 235, 236 
relation to CO: pressure, chart, 
242 
to bicarbonate concentra- 
tration and COs: pressure 
in sea-water, 215 
determination of, in blood by 
indicators, 114-116 
with calomel electrode, 98 
with hydrogen electrodes, 97 
with indicators, 105-118 
with potentiometer, 101 
with quadrant electrometer, 
101 
BAG sen ee bibliography, 220, 
1 


electrolytic solution, tension of, 
88 


factors influencing concentration 
of, in stomach, 200 
in biology, 197-237 
oxidation of, 91 
reducing action of, 91 


in relation to CO, concen- | Hydrolysis, 82 


tration, 246-249 


Hydrophilic colloids, 30, 31 


regulatory mechanisms, 243, | Hyperacidity of gastric juice, 200 


244 . . 
in body fluids, bibliography, 
236, 237 
in bog water, 213 


Hypo-acidity of gastric Juice, 200 
conditions causing, 200 _ 
Hypothyroidism, effect on acidity of 

gastric juice, 200 
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IMPEDANCE, definition of, 69 
formula for, 69 
Indicators, 106-118 
as weak acids or pee 106 
bibliography, 122 
chart showing relation between per 
cent dissociation and pH, 109, 110 
curve of pH and a, 108 
determination of pH of, by absorp- 
tion bands, 112 
dissociation determined in Duboscq 
colorimeter, 107 
for determination of pH of gastric 
contents by, 113 
for determining pH of blood, 113 
pH of urine, 113 
far gastric contents, 201 
for titration of serum, 240 
for use with Duboseq colorimeter, 
109 
salt error with, 116-118 
table of Clark and Lubs series, 111 
Intermolecular forces, 38-61 
Inulin, heats of formation and com- 
bustion, 152 
Invertase, effect of anesthetics on, 337 
Tonic equilibria i in blood, 23 8-283 
bibliography, 263-280 
chart of, 254 
in tetany, 263 
bibliography, 280-283 
nomogram of, 255 
speeds (absolute), 76 
(relative) calculated from equiy- 
alent conductivities, 76 
table of, 75 
Tonization, 62, 63. See Electrolytic 
dissociation. 
Tons, eee action of, 144 
cytolysis by, 3 
diffusible, of tee 240, 250, 251 
electrolytic solution tensions and 
toxicity, 143, 144 
equilibrium of, in blood, 253 
migration of, 74 
necessary for development of sea 
urchin eggs, 145 
substitution of one for another, 144 
toxicity and valence, 143 
Tron in oxidation processes, 376 
Iso-electric point, definition, 183 
of blood te affected by 
salts, 2 
of nce determined by 
electrophoresis, 289 
of proteins, 184, 185 
electrophoresis at, 289 
reversal of charge of ‘cells at, 289 
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Iso-electric point, sedimentation of 
erythrocytes at, 290 
Isotopes, 25, 141 


Kiwney regulates pH of blood, 243 
threshold for glucose excretion, 299 
for NaCl, 300 : 
Kilogram, definition, 19 
Kinetic energy, 100 


Lactic acid accumulates in muscle 
in absence of oxygen, 167 
amount produced in man, 170 
and muscle contraction, 384 
cause of muscle shortening, 169 
changes to glucose in shed blood, 
261 
combination with sarcoplasm, 169 
conversion into glucose, 128 
during muscle contraction, 383 
effect of, on osmotic pressure of 
tissues, 285 
on pH of blood in anesthesia, 
260 
from glycogen in muscle con- 
traction, 168 
in mountain sickness, 261 
in respiratory center, 244 
liberates restitution heat, 168 
not burned in pressed juice, 167 
reconversion into glucose, 169 
transformed into hexose di-phos- 
phate, 169 
Lactose, heats of formation and com- 
bustion, 152 
Sg ee in stroma of erythrocytes, 
part played by, in anesthesia, 335 
Leucine, dissociation constants and 
iso-electric point, 182 
Leucylglycine, dissociation constants 
and iso-electric point, 182 
Light, 125-140 
absorption of, 126, 127 
by atmosphere, 132 
action of, in eczema and acne, 131 
in rickets and osteoporosis, "130 
in tuberculosis, 131, 132 
on amboceptor, 132 
on bacteria, 129 
on eyes, 129 
on Parameecia, 130 
on photographic plates, 128 
on proteins, 132 
on skin, 129, 131 
bioleminescence, 133 
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Light, conversion of CO: and H.0 into 
sugar by, 127 
of CO. into formaldehyde by, 127 
oxidation, reduction, 128, 129 
el of N-compounds, 
1 
plane polarized, 125 
Lipoids, solubility of anesthetics in, 
344 
Liter, definition, 19 
Lithium, unit of atomic structure, 26 
Liver flukes, 209 
Lloyd’s reagent, 211 
Local action current, 332 
Luciferin, 133 
Lung, osmotic pressure of, 285 
Lymph, specific conductivity of, 318 
Lymphocytes, reduction of respira- 
tion of, by anesthetics, 338, 339 
Lyophilic colloids, definition, 30 
Lyophobie colloids, definition, 30 
Lysine, dissociation constants and iso- 
electric point, 182 


MaGnestum does not increase perme- 
ability of kidney, 334 
effect of ions on heart, 262 
Mass, 17-20 
action, law of, 76 
bibliography, 86 
use of, 76-81 
Meiostagmin test, 375 
Membrane, composition of, 315 
Membranes, effect of anions on charge 
of, 297 
electric charge on, 38 
conductivity of, decreased by 
anesthetics, 335, 336 
formula for rate of electro-endos- 
mose through, 291 
haptogen, 373, 374 
models of, 347-350 
on cells, 312-315 
bibliography, 354, 355 
osmotic, 38, 39 
production ‘of acidity or alkalinity 
by passage of electric current 
through, 297 
seat of polarization of cells, 347 
Meningococcus meningitis, pH of 
cerebrospinal fluid in, 258 
M-aminobenzoic acid, dissociation 


constants and iso-electric point, 182 | 


Metabolism, 151-181. 
duction. 
age-weight-height formula, 165 
basal, during thyroxin feeding, 167 


See Heat pro- 


Metabolism, basal, in diabetes, 167 
in hyper pituitism, 167 
in hypothy roidism, 167 
standard conditions for, 163 
during absorption of food, 167 
muscular activity, 167 
formula based on Newton’s law of 
cooling, 164 
formulas for, 164, 165 
based on weight and _ surface 
area, 164 
and age, 164 
normal,”’ 163, 164 
- ake affected by changes of, 
P. 
variations with age, 165, 166 
with skin temperature, 163 
Microdissection, 312 
in study of viscosity of cells, 313 
Milk, haptogen membranes of, 374 
lowering of freezing-point by, 300 
Milliliter, definition, 19 
Mol, definition, 19 
Mountain sickness, 261 
Muscle as heat engine, 167 
contraction, bibliography, 392, 393 
calorimetry of, 167-170 
efficiency of, 168 
energy from fat, 170 
phases of, 168, 169 
Be by acids and alkalis, 


Nil cree Ping coefficient of, 383 
theories concerning, 383, 384 
current of injury of, 346 
electric conductivity of, 327 
fatigue in absence of oxygen, 167 
osmotic pressure of, 285 
smooth, affected by pH, 261, 262 
specific conductivity of, 319 


NEGATIVE osmose, definition, 38 
Nerve, anesthesia of, 339 
current of injury of, 346 
electric conductivity of, 331, 332 
impulse, models representing, 352 
4-nitro-6-amino-quaiacol for deter- 
mining pH of urine, 113 
Nomogram of ionic equilibria in 
blood, 255 
Nucleoprotein (pancreas), iso-electric 
point of, 185 
precipitation of, by anesthetics, 
339 
ES Naat action of anesthetics 


3 
N aos of atom, 21 
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OscrtuaTor, electron tube, descrip- 
tion, 73, 74 
Vreeland, 73 
Osmose, 284-311 
anomalous, 292-298 
bibliography, 301-303 
negative, 38 
Osmosis, bibliography, 55-58 
Osmotic pressure and electric con- 
ductivity of plant juices, 319 
and muscle contration, 383 
calculation of k from lowering of 
freezing-point, 46 
direct measurement of, 45 
measurement of, by membranes, 


of cells, 284-287 
determined by freezing-point 
method, 284 
by plasmolysis, 284 
of frog’s egg, 287 
of ovarian egg, 287 
of pressed juice of various plants, 
of serum proteins, 289 
relation to electromotive force, 
89 
to gas pressure, 39-51 
Osteoporosis, effect of light on, 130 
Ca metabolism in, 130 
Oxidases, 376 
Oxidation, 376-378 
adsorption in, 377 
and permeability, 378 
biblhography, 199, 386, 388 
effect of anesthetics on, 377 
potential, 64 
reduction, 91 
electric character of, 91 
relation to hydrogen ion concen- 
tration, 91 
relation to photosynthesis, 128, 129 
Oxygen, action of, in soils, 210 
consumption of Hlodea inhibited by 
anesthetics, 341, 342 
oxidizing action of, 91 
Oxyhemoglobin, acid dissociation con- 
stant of, 258 
as oxidizing agent, 376 
iso-electric point of, 185 


PaNcRBEATIC juice, lowering of freez- 
ing-point by, 300 

p-aminobenzoic acid, dissociation 
constants and iso-electric point, 182 

Parthenogenesis (artificial) inhibited 
by anesthetics, 340 
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Pellagra, effect on acidity of gastric 
juice, 200 
Peptization of gels hastened by anes- 
thetics, 343 
Permeability, 312-372 
changes in, bibliography, 366 
in surface of ameba, 381 
prevented by anesthetics, 335 
increased during cell division, 382 
of Arenicola larve, 333 
of beet cells, 333 f 
of capillary walls for proteins, 298 
of cells to dyes, 315, 316 
to non-polar compounds, 315 _ 
of corpuscles measured by electric 
conductivity, 323 
to cations, 323 ; 
of eggs at fertilization varies with 
species, 333 
increased with x-rays, 334 
stabilized by anesthetics, 336 
of frog’s egg increased at fertiliza- 
tion, 333 
of kidneys affected by pH of blood, 
299 


of resting cell, 315, 316, 355-360 
of sea-urchin eggs, 333 
of water-plants increased during 
passage of electric current, 334 
studied by diffusion from cells, 316 
by electric conductivity, 316-332 
Peroxides, 376 
Pettenkofer’s reaction, 374 
pH. See Hydrogen ion concentration. 
ah Rae most sensitive range, 
109 
Phenylalanine, dissociation constants 
and iso-electrie point, 182 
Phosphoric acid from hexose-diphos- 
phate, 169 
Phosphorus, effect on soils, 210 
inorganic, in serum, 239 
Photosynthesis, 127 
of Elodea, inhibited by anesthetic, 
341, 342 
Physiological fluids, calcium in, 240 
pK of blood, 245 
values of, 247 
of corpuscles, 256 
of plasma, 256 


Plant juices, electric conductivity 
_ of, 319 
tissues, electric conductivity of, 


Plants and pH of soils, 207-213 
svi of, inhibited by anesthetics, 


pH of, in sea-water, 215 
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Plants requiring high pH, 207 
Plasmolysis, 284 
Polarization, definition of, 64 
of surface of amceba, 381 
Potassium chloride, use in hydrogen 
ion determinations, 101 
diffusible, of blood, 240 
effect of ions on heart, 262 
in blood-cells, 250-252 
in physiological fluids, 241 
Potential, oxidation-reduction, 64 
Potentiometer, use in hydrogen ion 
determinations, 101 
pe ae action of heavy metals on, 
1 
adsorption of acids and bases by, 
184-188 
behavior in electric field, 183 
determination of iso-electric point 
by addition of protein, 185 
by cataphoresis, 184 
by osmotic pressure measure- 
ments, 184, 185 
by precipitation, 184 
by viscosity measurements, 
185 
dissociation, 184 
constants of, 183 
(egg-albumin sulphate), 188 
composition of, 188 
iso-electric point of, 188 
molecular weight of, 188 
osmotic pressure of, 188 
electrophoresis at-iso-electric point, 


heat of combustion in the body, 
153, 154 
hydration and swelling of, 187-190 
measured by force required to 
press out juice, 189 
by viscosity, 189 
iso-electric points of, 183 
(table), 185 
molecular weight, 31 
osmotic pressure of, 187 
permeability of capillary walls to, 
298 
precipitated by anesthetics, 342 
(serum), hydration of, 189 
osmotic pressure of, 189 
part played by, in maintaining 
blood volume, 190 
size of particles, 185, 186 
specific dynamic action of, 131 
structure of, 182 
swelling of, 187 
by capillarity, 188 
Proton, 21 
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Protoplasm, viscosity of, 312 
physical character of, 312 

Protoplasmic rotation in Elodea, in- 
hibited by anesthetics, 341, 342 

Protozoa, artificial, 379, 380 

Psychogalvanic reflex, 332-366 

bibliography, 365, 366 
definition of, 332 


QUADRANT electrometer, use in hydro- 
gen-ion determination, 101 
Quinaldine red for determining pH 
of gastric contents, 113 
formula for, 113 
graph, showing relation between 
alpha and pH, 112 


RADIANT energy, 125-140 
bibliography, 133-140 
electromagnetic waves, 125 
part played by ion oxidations, 376 

Radium, action of, on tissues, 131 

Reactance, 64 

definition of, 69 
formula for, 70, 73 
constants, 77 
calculated from free energies, 78 
Rectifier in conductivity measure- 
ments, 73 

Reduction, bibliography, 119 

Resistance box, types for conductivity 
measurements, 72 

electric, of skin, 332 
measurement by Wheatstone bridge 
method, 67 
Resonance, electric, relation to re- 
actance, 73 
Respiration during cell division, 382 
Respiratory center affected by oxy- 
gen tension, 244 
lactic acid in, 244 
regulates pH of blood, 243, 257 
quotient during muscular exercise, 
170 


during storage of carbohydrates, 


in diabetes, 159 
non-protein, 157, 158 
of carbohydrates, 156 
of fats, 156 . 
in muscle contraction, 168 
of proteins, 157 
Restitution heat in muscle contrac- 
tion, 168 
Retina, 354 ; 
Reversible reactions, 77 
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Rheostat, use of, in hydrogen ion de- | Soils and pathological organisms, 209 


termination, 102 
Rheumatic fever, pH of joint exudates 
* in, 258 . ; 
Rickets, blood calcium in, 238 
effect of light on, 130 
P-metabolism in, 130 
Rotation of protoplasm affected by 
anesthetics, 340 


Saurnity, definition of, 20 
of sea-water, 20 

Saliva, action on carbohydrates, 198 
lowering of freezing-point by, 300 
specific ‘conductivity of, 318 

Salt error, effects of anions and ca- 

tions, 117 
with indicators, 116, 258 
bibilography, 124 

Scurvy, alkaline reserve of saliva in, 
198 

Sea-urchin eggs, changes in during cell 
division, 382 

Sea-water, 144, 214-219 
carbonates in, 215 
cause of variations of pH in, 215 
equilibrium in, 262 
ion concentration in, 318 
pH of, from San Francisco to Samoa, 

215 

pH of, Gulf Stream, 215, 216 
pH of, in Gulf of Mexico, 215 
salinity of, 20 
seasonal variation in pH, 219 
cite of pH with temperature, 


with temperature chart, 217, 218 
Secretion, 297, 299-301 
Sensation, relation of, to stimulus, 
353, 354 
Serum, diffusible salts of, 242 
electrical conductivity of, 317, 318 
ion concentration in, 318 
specific conductivity of, 318 
Silicate, action of, in soils, 210, 211 
Skin, specific conductivity of, 319 
Soaps, cytolysis by, 379 
effect of, on surface tension of 
water, 373 
Sodium, diffusible of blood, 240 
effect of ions on heart, 262 
in corpuscles, 239 
in serum, 239 
Soils, addition of lime to, 209 
of phosphorus to, 210 
adsorption by, 211, 375 
and bacteria, 213 


buffer value of, 208 
effect of alum on, 213 
of ammonium sulphate on, 213 
of manure on, 213 
of sulphur on, 213 
of, on Hyatinias, 209 
Egyptian, 208 
granulation as affected by pH, 212 
humus in, 208 
hydrogen ion concentration of, 207— 
213 


as affecting composition, 209 
iron in, 210 
oxygen in, 210 
silicates in, 210 
with high pH, 207 
with low pH, 207 
Solation in amceboid movements, 381 
Solubility product, 81 
Solution, colloidal, definition, 30 
density of, 20 
molal, 20 
Specific gravity of cell structures, 312 
Spermatic fluid, lowering of freezing- 
point by, 300 
Spleen, osmotic pressure of, 285 
Standard cell, construction of, 65 
use in hydrogen ion determina- 
tion, 102 
Starch, heats of formation and com- 
bustion, 152 
Stearic acid, heats of formation and 
combustion, 152 
Stimulation of nerve, formula for 
stimulating current, 353 
Stimulus, relation of, to sensation, 
353, 354 
Strontium causes increase of perme- 
ability of kidney, 334 
Submicrons, definition, 32 
Succus entericus, lowering of freezing- 
point by, 300 
Sucrose, heats of formation and com- 
bustion, 152 
Sulphate, inorganic in blood, 240 
Surface tension, 51-53, 373-393 
and cytolysis, 379 
and muscle contraction, 383 
bibliography, 58, 59, 384, 385 
conditions affecting, 381 
definition of, 51 
during cell division, 382 
effect of anesthetics on, 344 
of substances that lower, 51 
measurement of, by capillarity, 52 
by drop weight method, 52 
of cells, 313 
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Surface tension of water, 314 
relation to adsorption, 51 
to curvature of surface, 51 
: thickness of surface, 51 
Sweat, lowermg of  freezing-point 
by, 300 
Swelling and muscle contraction, 383 
of blood-cells, 251-253, 284 
of gels hastened by anesthetics, 343 
Synapses, action of anesthetics on, 344 


Tannine of leather, 144 
of skin, 129, 131 
Taurine, dissociation constant and iso- 
electric point, 182 
Temperature, absolute, 39 
coefficient for ionic speed, 75 
of muscle contraction, 383 
effect in weighing, 19 
regulator for hydrogen ion determi- 
nations, 102, 103 
standard, 20 
Tendon, specific: conductivity of, 319 
Tetany, blood calcium in, 238 
from forced respiration, 263 
ionic ratio in, 263 
pH of blood in, 259 
Thermochemistry, 151-181 
muscle heat, 179-181 
pregnancy and fetal life, bibli- 
ography, 174, 175 
prematurity, bibliography, 178 
surface area, bibliography, 173, 174 
the child, bibliography, 176-178 
the newborn, bibliography, 175, 176 
undernutrition, bibliography, 178, 
179 
Thermocouple, for determination of 
heat production in muscle, 170 
Tissues, adsorption by, 375 
Transference numbers of ions, 75 _ 
Transient current, use in conductivity 
determination, 65 
Transport number of ions, 75 
Tyrosine, dissociation constants and 
iso-electric point, 182 


ULTRAFILTRATION, in kidney, 299 
of proteins, 185 : 
Ultramicroscope, principle of, 32 | 
Urea, effect on swelling and viscosity 
of gelatin, 186 
Urine, ammonia in, 243 
bacteria in, 219 
buffers of, 219 
carbonates in, 219, 243 


SUBJECTS 425 


Urine, determination of pH of, 113 
effect of gastric secretion on, 219 
factors affecting pH of, 220 
lowering of freezing point by, 300 
osmotic pressure of, 299 
pH of, 219 
phosphates in, 243 

titration of, 219 
specific conductivity of, 318 
surface tension of, 374 
types as to pH, 219 


VaccrnaTION, effect of, on pH of 
blood, 258 
Variometer, method of using, 70 
Viscosity, bibliography, 196 
during cell division, 382 
effect of, on conductivity, 322 
of cells, 312 
studied by centrifuging, 312 
by electric current, 313 
by electromagnet, 313 
by microdissection, 313 
Vitamin B, purification of, 211 
Volume, 17-20 
of atom, 21 
Vomiting, periodic, effect on pH of 
blood, 261 
Vreeland oscillator as source of cur- 
a 4 conductivity measurements, 
68- 


WATER as solvent, 62 
dielectric constant, of, 62 
electrolytic dissociation of, 62, 63 
heat of formation, 63 
hydrogen ion activity of, 90 
weight of, 19 

Weight, 17, 18 
atomic, 23 

Wheatstone bridge, 67 

use of, 68 
Work, equation for, 88 


a-Rays,. 125 
absorption of, 127 ‘ : 
action of, on reproductive tissues, 
131 


on various tissues, 131 
curative action of, 131 


Yoxast, action of anesthetics on, 338 
electric conductivity of, 331 
pH range, 204 ; 
reduction of respiration of, by 
anesthetic, 338, 339 
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